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 Introduction and Research objectives  
Dairy protein digestibility in emulsions: impact of 









Enrichment of foods with polyunsaturated fatty acids (PUFAs) is a growing trend in the food 
industry. This trend has been driven by findings suggesting that PUFAs can prevent the 
occurrence of cardiovascular diseases (Ganesan, Brothersen, & McMahon, 2014), but they are 
very sensitive to oxidation by exposure to oxygen eventually in combination with light, metals 
and heat during processing and storage. Food emulsions, mainly oil-in-water emulsions such as 
salad dressings, dairy products and mayonnaise, are typically chosen for enrichment with ω-3 
fatty acids. Such emulsions are frequently stabilized by proteins. Proteins in food emulsions are 
commonly used because of their physico-chemical properties including emulsification, water 
binding, foaming and gelation and their nutritional importance (Singh, 2011). 
Within this nutritional context, protein quality and especially protein digestibility and 
bioavailability are very important. Protein digestibility is an indirect measure of the extent of 
protein’s breakdown into amino acids and their subsequent absorption. Second, protein 
bioavailability is the fraction of the ingested protein that is available for utilization in normal 
physiologic functions (Parada & Aguilera, 2007). Protein digestibility can be affected by 
antinutritional factors, some of which occur naturally, such as phytates in cereals and oilseeds, 
trypsin inhibitors and tannins in legumes and cereals (Knuckles, Kuzmicky, & Betschart, 1985; 
Gilani, Cockell, & Sepehr, 2005; Gilani, Xiao, & Cockell, 2012). The interactions between 
phytates and proteins is thought to be of the ionic type. Depends of the pH of the solution 
different phytic acid anions may be formed. Proteins are also charged, the terminal lysyl, histidyl 
and arginyl groups can be positively charged, any of these groups can form a complex with 
negatively charged phytate anion decreasing protein digestibility (Urbano, Lopez-Jurado, 
Aranda, Vidal-Valverde, Tenorio, & Porres, 2000) Furthermore, protein digestibility can be 




diminished by chemical modifications of proteins occurring during food processing and storage. 
Thus, the isomerization of L-amino acids into D-amino acids in case of alkaline and heat 
treatment will affect protein digestibility (Finot, 2005; Wada & Lönnerdal, 2015). During the 
Maillard reaction, in which proteins react with reducing sugars and their carbonyl-containing 
degradation products, protein digestion was lower as well, which was at least partially attributed 
to protein cross-linking reactions (Maleki, Chung, Champagne, & Raufam, 2000; Moscovici, 
Joubran, Briard-Bion, Mackie, Dupont, & Lesmes, 2014). The impact of these and other protein 
cross-linking reactions on their digestibility has been reported in various papers (Monogioudi, 
Faccio, Lille, Poutanen, Buchert, & Mattinen, 2011; Chang & Zhao, 2012; Gerrard, Lasse, 
Cottam, Healy, Fayle, Rashia, Brown, BinYasir, Sutton, & Larsen, 2012). 
A less explored area is how lipid oxidation products may affect protein digestibility. This is quite 
surprising, as we showed earlier that proteins cross-link to a substantial extent in the presence of 
oxidized lipids or during their co-oxidation with lipids (Cucu, Devreese, Mestdagh, Kerkaert, & 
De Meulenaer, 2011; Cucu, Devreese, Kerkaert, Mestdagh, Sucic, Van De Perre, & De 
Meulenaer, 2013; Li, Gao, Mu, Chen, Fang, Zhou, & Tao, 2015). These cross-linking reactions 
are typically attributed to the reactions occurring between proteins and the plethora of reactive 
carbonyls formed during lipid oxidation. it is known that reactive carbonyls species, generated 
during the degradation of saccharides, upon reaction with proteins have an impact on protein 
digestibility (Pinto, Léonil, Henry, Cauty, Carvalho, & Bouhallab, 2014). So given the fact that 
during lipid oxidation other reactive carbonyls are generated which react with proteins (Cucu, 
Devreese, Mestdagh, Kerkaert, & De Meulenaer, 2011), it can be hypothesized this would also 
lead to a reduced protein digestibility.  




Protein digestibility in emulsions is more over known to be influenced by interfacial phenomena 
(Maldonado-Valderrama, Holgado, Torcello-Gómez, & Cabrerizo-Vílchez, 2013). Hence it is 
obvious that during the oxidation of protein stabilized emulsions various factors may impact 
protein digestibility. 
Therefore, in this review an overview is given of how protein digestibility is studied, how 
interfacial behavior of proteins have an impact on protein digestion and which chemical 
modifications occurring in these emulsions, could potentially affect protein digestibility, with a 
particular focus on oxidation reactions.  
1.2. In vitro digestion models 
The digestion process in humans is a complex process which is difficult to mimic. In vitro 
methods which simulate digestive processes are widely used to study the food gastro-intestinal 
behavior. Their main advantages compared to in vivo assays include speed, low cost and a lack 
of ethical restrictions (Guerra, Ettienne-Mesmin, Livrelli, Denis, Blanquet-Diot, & Alric, 2012; 
Minekus et al., 2014). Simulated digestion methods normally include the oral, gastric, and small 
intestinal phase (Fig.1.1). The final absorption process is commonly assessed using Caco-2 cells 
(human colon carcinoma cells line) (Parada & Aguilera, 2007). The large intestinal fermentation 
can be included as well. In this review assessment of protein digestibility is the main focus; the 
absorption and colon fermentation step are not included. 
1.2.1 Classification of in vitro digestion models 
In vitro digestion models can be classified as static or dynamic. The main differences between 
them are that in the static models, the products of digestion are not removed during the process 
and these models cannot mimic the physical processes that occur in vivo, such as gastric 




emptying or continuous changes in pH and secretion flow rates (Guerra, Ettienne-Mesmin, 
Livrelli, Denis, Blanquet-Diot, & Alric, 2012; Kong & Singh, 2008; Wickham, Faulks, & Mills, 
2009). However, despite the simplicity of the static in vitro models, they can be adapted to 
specific research questions by using relevant parameters to design the right model system. There 
is a significant variation in simulated fluids and parameters used in in vitro models described in 
the literature, and due to that variability, it is difficult to compare results across different studies. 
For that reason, a unified protocol was agreed and this protocol was used in this work (Minekus 
et al., 2014).  
Dynamic digestion models are more sophisticated than static ones, requiring special equipment 
and considerable expertise. Various models were developed: SHIME, TIM, etc. (Kong & Singh, 
2008; Menard, Cattenoz, Guillemin, Souchon, Deglaire, Dupont, & Picque, 2014). Such systems 
typically consider peristaltic movements (not SHIME), pH changes, secretion flow rates and 
even colon fermentation. 
In our research, we used a static model because these models are simple and easy to use, they are 
useful to identify key parameters that can affect the hydrolysis of food macronutrients such as 
proteins in our case. Many of these models are used to assess the potential of a protein to become 
a food allergen and allow to simulate a complete digestion (Wickham, Faulks, & Mills, 2009). 
Static models are easy to apply for a large research community and thus able to compare study 
results because they allow better control of the experimental variables than animal or human 
studies (Egger et al., 2016). Although in vivo approaches are directly applicable to human food 
consumption, variation between individuals may give large differences in responses, making the 
data interpretation challenging (Bornhorst, Gouseti, Wickham, & Bakalis 2016). Static models 




and dynamic models in reference to protein digestibility have also the potential to give useful 
and reproducible measures of the in vivo behavior (Butts, Monro, & Moughan, 2012).  
1.2.2 Phases of in vitro gastrointestinal models 
In vitro digestion models typically include three phases (Fig.1.1): 
1.2.2.1 Oral phase: 
For solid foods, the simulation of mastication is needed to disintegrate the food into small 
fragments, as is mincing with simulated salivary fluid. For liquid food, an oral phase can be 
included, especially if the food contains starch. Simulated saliva and amylase contribute by 
lubricating the bolus and reducing the viscosity of starchy foods (Turgeon & Rioux, 2011). The 
use of an appropriate mincer is recommended to standardize the size of the solid food particles. 
The contact time suggested with the simulated saliva fluid is 2 minutes. This should occurs at a 
pH of 6.8 and 37°C, targeting a final ratio of food to simulated saliva of 50:50 (w/v) (Minekus et 
al., 2014). In the case of emulsions, depending on its consistency, it is either directly swallowed 
or chewed for a few seconds with saliva. 





FIGURE 1.1 IN VITRO GASTROINTESTINAL MODEL (ADAPTED FROM GUERRA ET AL., 2012) 
 
Saliva consists of water (99.5%), protein (0.3%) and minerals. The major protein in human saliva 
is the high molecular weight mucin that plays an important role in the flocculation of emulsions 
(Sarkar, Goh, & Singh, 2009). Mucins are negatively charged at neutral pH and thus interact 
strongly with positively charged protein-based emulsions via electrostatic interactions (Singh & 
Ye, 2013).  
1.2.2.2. Gastric phase: 
In vivo, after swallowing, the bolus and gastric juice begin the process of digestion in the 
stomach, at the same time that peristaltic waves help to break down large particles to be sent to 
the small intestine. In the case of in vitro digestion models, simulated gastric juice is prepared 




with pepsin, gastric lipase, gastric mucins and phospholipids (Mackie & Macierzanka, 2010). 
Pepsin is the main protease used to study protein digestibility in the stomach. Between 37°C and 
42°C pepsin exhibits maximal activity at pH 2.0. The recommended time period for gastric 
digestion is 2 hours at 37°C, with constant shaking (Minekus et al., 2014). 
Pepsin preferentially cleaves peptide bonds involving aromatic amino acids: phenylalanine, 
tyrosine and tryptophan (Singh & Ye, 2013). The ability of pepsin to hydrolyze proteins depends 
on the accessibility of the specific peptide bonds; therefore unfolding of the native protein 
structure can enhance pepsin action. In the case of protein-stabilized emulsions, not all the 
proteins are always present in the interface. Therefore, adsorbed and unadsorbed proteins may 
exist in different conformational states affecting their susceptibility to pepsin (Nik, Wright, & 
Corredig, 2010; Sarkar, Goh, Singh, & Singh, 2009). 
Proteolysis with pepsin stops by changing the pH to 6.5, which occurs when the gastric digests 
are transferred to the duodenal phase. 
1.2.2.3 Duodenal phase: 
The duodenal phase takes place in the small intestine. The small intestine is divided into three 
parts: the duodenum in which the digestive secretions, bile and enzymes from respectively the 
pancreas and liver, are added, and two longer ones, the jejunum and ileum (Guerra, Ettienne-
Mesmin, Livrelli, Denis, Blanquet-Diot, & Alric, 2012). The majority of nutrient absorption 
occurs in the jejunum. The protein digestion process is mainly done at the end the duodenum, but 
peptidases from human intestinal brush border membranes can hydrolyze the small peptides and 
further, the absorption process occurs (Parada & Aguilera, 2007). For that reason, only the 
duodenal phase is considered in this work. 




The duodenum secretes bicarbonate that will neutralize gastric acid and provide an appropriate 
pH for further enzymatic digestion to occur (Bornhorst & Singh, 2014). In in vitro models the 
addition of a base (1M NaOH) is applied to neutralize the mixture to pH 6.5 - 7.0. Subsequently 
the simulated intestinal fluid containing pancreatic enzymes and bile is added. The primary 
proteolytic enzymes are trypsin and chymotrypsin, which can be added as such, or via porcine 
pancreatin, which contains a mix of enzymes, including lipase. Other enzymes, such as lipases or 
amylases, can be included, depending of the research purpose. Bile salts are added as well (final 
concentration of 10 mM), together with calcium chloride (0.3 mM in the final mixture). The 
recommended duration of the intestinal digestion is 2 hours at 37°C (Minekus et al., 2014). 
Trypsin cleaves peptide chains at the C-terminal amino acids residues, mainly lysine and 
arginine, whereas chymotrypsin favors aromatic residues, such as tyrosine, phenylalanine and 
tryptophan (Singh & Ye, 2013). 
1.3 Interfacial behavior of proteins in emulsions and its impact on protein digestibility 
1.3.1 Emulsions 
An emulsion consist of two immiscible liquids, with one of the liquids being dispersed as 
droplets in the other liquid (McClements, 2005). Generally, these two liquids are water and oil. 
Emulsions can be typically classified as oil in water (O/W) or water in oil (W/O) systems. In 
O/W emulsions, the oil droplet forms the dispersed phase, and water is the continuous phase (for 
example, salad dressing or mayonnaise); in contrast, in W/O emulsions, water is the dispersed 
phase, and oil is the continuous phase, for example, butter or margarine. Emulsions are 
thermodynamically unstable systems. In accordance with the thermodynamic laws, all the 
systems should be at their global energy minimum state, such colloidal dispersion rapidly 




separate into two phases to minimize the free energy (Damodaran, 2005). Therefore, emulsion 
stability is the ability of an emulsion to resist changes in its properties over time. Stability can be 
obtain adding surface active molecules that tends to accumulate to the interface when the free 
energy of the adsorbed state is lower than that of the unadsorbed state (entropy effect).  The 
direct contact between oil and water is replaced by contacts between the non-polar segments of 
the emulsifier and oil molecules and between polar segments of the emulsifiers and water 
molecules. The most common mechanisms that are responsible for instability are creaming and 
sedimentation (gravitational separation), caused by the density difference between the dispersed 
and continuous phases, as well as flocculation and coalescence (droplet aggregation). 
Flocculation occurs when droplets of the dispersed phase come together to form an aggregate in 
which the droplets retain their individual integrity. Coalescence is the process whereby droplets 
fuse together to form a single larger unit, reducing the total surface area (Berton-Carabin, 
Ropers, & Genot, 2014; Fredrick, Walstra, & Dewettinck, 2010). Thus, oil droplets in O/W 
emulsions must be stabilized using emulsifiers and/or texture modifiers. Emulsifiers decrease the 
surface tension between oil and water and are adsorbed to the oil-water interface to protect 
emulsion droplets from aggregation. Whereas texture modifiers increase the viscosity of the 
continuous phase, delaying creaming, flocculation, and coalescence (Berton-Carabin, Ropers, & 
Genot, 2014). 
Emulsifiers are typically forced to enter into the interfacial area by applying mechanical force 
using mixing or homogenization (Fig 1.2) (McClements, 2005). 
1.3.2 Interfacial area and behavior or relevant emulsifiers in emulsions 
The droplet interface consists of a narrow region that surrounds each emulsion droplet (Fig.1.2). 
This oil-water interface contains surface-active substances that influence its free energy, 




structure, electrical characteristics and rheology (Berton-Carabin, Ropers, & Genot, 2014). 
Although the interfacial area is a small fraction, it can affect the emulsion properties to a large 
extent. In addition, its charge may affect the attraction or repulsion of metal ions, which are 
major pro-oxidants. 
The interfacial composition depends on the type and concentration of emulsifiers or surface-
active compounds present. In emulsions containing different surface-active components, a 
competitive adsorption occurs as the affinity for the interface will be governed by the attempt to 
reduce the free energy of the system (McClements, 2005). When surfactants are present in 
protein-containing systems, the adsorption of the protein is affected by the binding of the 
surfactant to both the protein and the interface (Donnelly, Decker, & McClements, 1998). 
Therefore, the protein can be removed from the interface by the surfactant because the low 
weight surfactants are much smaller than proteins and they can reduce the interfacial tension 
more efficiently (Dickinson, 1999; Dickinson, Radford, & Golding, 2003; Morris & Gunning, 
2008; Pugnaloni, Dickinson, Ettelaie, Mackie, & Wilde, 2004). Proteins are large amphipathic 
molecules containing combination of ionic, polar and non-polar regions. This makes them 
surface active and strongly interacting with other food components. The strength of interaction 
between a particular protein and an impenetrable surface depends on the protein’s three-
dimensional structure and on the chemical nature of the surface (Dickinson, 1999). The 
adsorption to the surface is a dynamic process that implies complete coverage surface and 
formation of thick layer. If other surfactants are present at high concentrations, proteins are 
competitively displaced from the interface (orogenic displacement) (Dickinson, 2001).  




In this work, all emulsions contained respectively whey proteins or caseins as protein 
component. In one group of experiments, also Tween 20 was added as a low molecular weight 
surfactant. Therefore, the behavior of these compounds in emulsions will be briefly discussed. 
 





FIGURE 1.2 EMULSION AND INTERFACIAL REGION. (ADAPTED FROM: BERTON-CARABIN, ROPERS, 
& GENOT, 2014). 
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Tween 20 (polyoxyethylene sorbitan monolaureate) is a non-ionic surfactant which arranges 
itself with its polar head to the aqueous phase and the nonpolar tail in the non-aqueous phase. 
Surface active molecules that tend to accumulate to the interface when the free energy of the 
adsorbed state is lower than that of the unadsorbed state (entropy effect).  The driving force for 
the surface adsorption is the hydrophobic effect. Thus, the attractive force between hydrophobic 
substances dispersed in water are responsible for the adsorption of the surfactants to the interface 
(McClements,2005). Tween 20 is more effective in reducing interfacial tension and is more 
tightly packed at the interface than proteins. As the surfactant concentration increases and the 
surfaces become saturated, the monomers in solution may associate into micelles (Bos & Van 
Vliet, 2001). That surfactant concentration is referred to as the critical micelle concentration or 
CMC. Surfactant micelles are able to incorporate non-polar molecules in their hydrophobic core 
and polar molecules in the layer formed by the surfactant head (McClements & Decker, 2000). 
Caseins (β, αs1, αs2, and κ) are the major protein components of bovine milk (80%). These 
phosphoproteins have a disordered and flexible structure which have domains which are 
respectively, highly nonpolar and highly charged, explaining their extensive use as emulsifiers 
(Swaisgood, 2003). The most abundant casein monomers are β-caseins and α-caseins. In 
emulsions β-casein is adsorbed at the interface with its extensive hydrophobic region. Its 
hydrophilic tail is protruding into the aqueous phase (Dickinson, 2001). The αs1-casein has an 
amphiphilic character and the distribution of hydrophilic and hydrophobic residues are more 
random than for β-casein. Both caseins have no internal covalent crosslinks and no ability to 
polymerize through intermolecular disulfide bonds. They do not have a characteristic 
denaturation temperature either (Dickinson, 2006). 




About 20% of the total protein of bovine milk is referred to as whey proteins . These proteins 
consist of: β-lactoglobulin (55%), α-lactalbumin (24%), serum albumin (5%), and 
immunoglobulin (15%) (Swaisgood, 2003). β-Lactoglobulin dominates the functional properties 
of whey proteins because of its relatively high concentration. Adsorption of β-lactoglobulin and 
α-lactalbumin to oil-water interfaces induces protein unfolding with a loss of the globular tertiary 
structure leading to an exposure of the free sulfhydryl groups (Dickinson 1997). Their 
conformational change results in a significant increase in α-helical structure and some loss of the 
β-sheet structure, while a compact tertiary structure is still retained. These structure changes 
allow the reorientation of non-polar chains toward the oil phase (Kim, Decker, & McClements, 
2002; Zhai, Wooster, Hoffmann, Lee, Augustin, & Aguilar, 2011). 
Surfactants and proteins can act as antioxidants or pro-oxidants, and thus may alter the oxidative 
stability of a system. Tweens in aqueous solutions may undergo autoxidation during storage. 
Some authors studied the influence of Tween 20 and whey proteins on lipid oxidation in 
menhaden oil-in-water emulsions (Donnelly, Decker, & McClements, 1998). They concluded 
that individually Tween 20 and whey protein were pro-oxidative yet their combination was anti-
oxidative. They suggested that this effect may be due to the ability of surfactants to alter the 
conformation of proteins, thus exposing their radical scavenging amino acids (Donnelly, Decker, 
& McClements, 1998; McClements & Decker, 2000). Others authors (Bam, Cleland, Yand, 
Manning, Carpenter, Kelley, & Randolph, 1998; Wang, Wang, & Wang, 2008) also confirmed 
that Tweens bind weakly to hydrophobic patches on the protein surface, causing a reduction of 
the hydrophobic area in the proteins. This results in weaker intra-protein hydrophobic interaction 
leading to protein unfolding, again with more exposure of reactive sites. Proteins have been 
generally found to better protect the oil phase against oxidation, as compared to surfactants when 




a substantial fraction of protein was not adsorbed. This can be attributed to: the thicker interface 
formed by proteins being a barrier against lipid oxidation and also to the capacity of the proteins 
to chelate metal ions or to scavenge free radicals (Berton, Ropers, Viau, & Genot, 2011). 
1.3.3 Impact of interfacial phenomena on dairy protein digestion 
Dairy proteins, especially, β-lactoglobulin is one of the major bovine milk allergens, because of 
its relative resistance to peptic digestion. On its native conformation (in solution), the most 
hydrophobic amino acids which are potential cleavage sites for pepsin, are buried inside the 
hydrophobic core of the protein therefore not accessible (Ye, Cui, Dalgleish, & Singh, 2016). 
The rigid structure characterized by a hydrophobic pocket with stability in acidic pH is the major 
cause of allergenic response in humans (Castillo-Santaella,  Sanmartín, Cabreriz-Vilchez, 
Arboleya, & Maldonado-Valderrama, 2014). Some treatments such as heating or adsorption at an 
interface induce conformational changes in β-lactoglobulin that increase its susceptibility to 
hydrolysis by pepsin. There are a few studies on the effect of emulsification on the susceptibility 
on enzymatic digestion of dairy proteins (Sarkar, Goh, Singh, & Singh, 2009; Nik, Wright, & 
Corredig, 2010; Mackie & Macierzanka, 2010). They demonstrated that improvement on the 
digestibility of β-lactoglobulin was obtained when whey proteins were adsorbed at the oil-water 
interface. However, the nature and polarity of the oil phase determined the degree of degradation 
of the β-lactoglobulin in the stomach. The lower polarity increased the orientation of the 
hydrophobic residues toward this phase, enhancing the interaction with the oil and decreasing the 
access of pepsin (Maldonado-Valderrama, Wilde, Mulholland, & Morris, 2012). Further studies 
about the influence of particle size and emulsion stability are needed to validate the improvement 
on protein digestibility upon emulsification because the conformation of the proteins at the 
interface depends strongly on the nature of the oil phase. 




Casein digestibility in emulsions has been less studied. Agboola and Dalgleish (1996), showed 
evidence for differences in trypsin hydrolysis of β-lactoglobulin and sodium caseinate in solution 
and in emulsion. However, the overall rate of hydrolysis of sodium caseinate was the same in 
solution and adsorbed to the interface. Casein contains no cysteine residues which makes the 
protein more flexible to undergo structural re-arrangement upon adsorption. β-casein adsorbed at 
the interface oil/water showed a more ordered secondary structure in tricaprin/water and 
hexadecane/water interface than in solution (Zhai, Hoffman, Aguilar, Augustin, Wooster, & Day, 
2012). In conclusion, the hydrophobicity of the oil phase and the conformational flexibility of the 
protein clearly has an influence on the conformation of proteins at the oil/water interface. 
The use of surfactants together with proteins such as emulsifiers in emulsions, can cause the 
displacement of the proteins from the interface by the surfactants, a process called competitive 
adsorption (Mackie, Gunning, Wilde, & Morris, 2000). Therefore, proteins are more in the 
aqueous phase and the protein digestibility is negatively affected. 
1.4 Protein modifications and digestibility 
Protein modifications can be induced by heat treatments, mechanical treatments such as 
homogenization or can occur also during storage (depending upon e.g. temperature or exposure 
to light and oxygen). Such changes may affect the accessibility to the cleavage sides of 
peptidases and thus impact protein digestibility (Tunick, Ren, Van Hekken, Bonnaillie, Paul, 









Table 1.1 Summary of previous studies using in vitro gastrointestinal digestion to 
investigate dairy protein digestibility in emulsions. 
 Emulsion type Method Comments Reference 
1. 
Oil-in-water: β-








Densitometric analysis of gels 




(Sarkar, Goh, Singh, & 
Singh., 2009) 
2. Soybean protein, sodium 










3. Oil-in-water: Whey 
Protein Isolate or β-
lactoglobulin or α-











Cream and serum phases 
hydrolysis profile 
(Nik, Wright, & Corredig, 
2010) 
4. Raw milk SDS-PAGE Densitometric analysis of gels 
with GelQuant.Net Software 
(Biochemlabsolutions) 
(Ye, Cui, & Singh, 2011) 
5. Oil-in-water: β-
lactoglobulin and olive 
and tetradecane oil mix 
SDS-PAGE    Densitometric analysis of gels 
with Quantity One Software 
(Bio-Rad) 
(Maldonado-Valderrama, 
Wilde, Mulholland, & 
Morris, 2012) 
7. Oil-in-water: Whey 
Protein Isolate and 
soybean oil 
SDS-PAGE  Densitometric analysis of gels 
with GelQuant.Net Software 
(Biochemlabsolutions) 
(Li, Ye, Lee, & Singh, 
2013) 
8. Oil-in-water: β-
lactoglobulin and olive oil 
SDS-PAGE Qualitative (Shani-Levi, Levi-Tal, & 
Lesmes, 2013) 
9. Oil-in-water emulsion: 
Whey Protein Isolate and 
rapeseed oil 
SDS-PAGE Qualitative (Malinauskyte, 
Ramanauskaite, 
Leskauskaite, Devold, 
Shüller, & Vegarud., 2014) 





Supernatant and pellet 
(Wada & Loennerdal, 2014) 




Protein Assay Kit (Thermo 
Fisher Scientific)  
 
Qualitative 
(Rinaldi, Gauthier, Britten, 
& Turgeon, 2014) 








(Kopf-Bolanz , Schwander, 
Gijs, Vergeres, Portmann, & 
Egger, 2014) 
13. Oil in water: whey protein 
and sodium caseinate with 








(Obando, Papastergiadis, Li, 
& De Meulenaer,2015) 
 




The most commonly used methods to assess dairy protein digestibility after in vitro 
gastrointestinal digestion in emulsions are summarized in the table 1.1. All of them have a 
relative advantages and disadvantages. SDS-PAGE, a semi quantitative method, has been mostly 
used to assess protein digestibility in emulsions and it is difficult to compare results among 
studies. Comparing the relative amounts of different molecules relies on the band density  
(darkness) of different spots on the gel, but excessive destaining procedure can cause variation 
on the bands. In addition, small peptides are not successfully resolved and stained. Other type of 
proteins such as soybean are used to prepare emulsion and research has been done on their 
protein digestibility (Singh & Ye, 2013). 
1.4.1 Protein denaturation 
Proteins have a native structure which is dependent on the protein environment, such as pH, 
temperature, and ionic strength. Upon changing this environment, the protein may lose its 
ordered structure (changes in the secondary, tertiary, and quaternary structures), a condition 
called a “denatured state”. Partial denaturation improves protein digestibility due to the better 
accessibility of the substrates to the digestive enzymes. Unfolding of tertiary and secondary 
structures are the principal changes caused  by heat treatment that improve protein digestibility in 
raw milk (Wada & Loennerdal, 2014). Similarly, in the case of β-lactoglobulin it was shown that 
as a result of denaturation the interior hydrophobic residues, being preferred pepsin cleavage 
places, are exposed and hence digestibility is improved (Loveday, Peram, Singh, Ye, & Jameson, 
2014). In the case of emulsification mentioned above (section 1.3.3) the unfolding of the protein 
depends strongly on the oil polarity, hence, the protein digestibility can be modified. 




1.4.2 Protein crosslinking  
The formation of covalent bonds between polypeptide chains within proteins (intramolecular 
crosslinks) or between proteins (intermolecular crosslinks) is referred to as protein crosslinking. 
The consequences of protein-protein crosslinks are desirable in some foods because it confers 
thermal stability to proteins. However, the nutritional properties can be affected (Gerrard, 2002). 
Oxidation of the sulfhydryl groups of the two cysteine residues in a protein results in the 
formation of disulfide bonds. Disulfide bonds are the most common covalent crosslinks in 
proteins. During processing, among which heating, scrambling and exchange of S-S can occur, 
different from naturally occurring internal S-S bond. In milk, heat treatment promotes the 
interaction between β-lactoglobulin and κ-casein through the formation of disulfide bonds to 
improve heat stability and avoid the precipitation of β-lactoglobulin. Some authors, also found 
that cooking meat proteins reduces the digestion rate due to protein aggregation (Filgueras, 
Gatellier, Ferreira, Zambiazi, & Sante-Lhoutellier, 2011). 
Alkali treatment and heat treatments favor amino acid racemization and crosslinking of proteins. 
Cysteine and phosphoserine residues in protein undergo β-elimination, yielding dehydroalanine 
residues. Lysinoalanine (LAL) is produced by the reaction of the ɛ-amino group of lysine with 
dehydroalanine. Lanthionine is formed by addition of the thiol groups of cysteine residues to the 
double bond of dehydroalanine (Singh, 1991; Friedman, 1999). The nutritional consequences are 
a decrease in protein digestibility and a reduction in cysteine availability (Finot, 2005). 
The interaction between carbonyl-containing compounds, such as reducing sugars, with amino 
groups, such as the lysine residue of proteins, is known as the Maillard reaction. In this reaction, 
initially the proteins will catalyze the degradation of reducing sugars into more reactive carbonyl 
species. These species will react with proteins resulting in the formation of large protein 




aggregates (Wada & Lӧonerdal, 2015; Norwood, Pezennec, Burgain, Briard-Brion, Schuck, 
Croguennec, Jeanteat, & Le Floch-Fouréré, 2017). Maillard reactions reduce the nutritional value 
of foods because of reductions in the availability of several amino acids, mainly lysine (Corzo-
Martinez, Soria, Belloque, Villamiel, & Moreno, 2010; Van Lancker, Adams, & De Kimpe, 
2011). The chemical reaction in detail will not be explained here because this chemistry is 
similar as the one in which reactive carbonyls from lipid oxidation are involved and that will be 
discussed in the next paragraph. 
Also via lipid oxidation, reactive carbonyls species are generated which can induce protein 
crosslinking as we reported before (Cucu, De Vreese, Mestdagh, Kerkaert, & De Meulenaer, 
2011). In food systems containing lipids and proteins, both will be subjected to oxidation 
reactions as well however. Therefore, in the next paragraph, the reactions occurring during 
protein oxidation as such and those occurring between oxidized lipid species are involved in their 
interaction with proteins, a short overview of the lipid oxidation reaction will be presented first. 
1.4.3 Lipid and protein oxidation and the interaction between proteins and oxidized lipids 
Oxidation of unsaturated fatty acids involves three key steps: 
 The formation of fatty acid hydroperoxides, known as primary oxidation products. 
 The decomposition of these fatty acid hydroperoxides into a variety of compounds, 
including reactive carbonyls species, known as secondary oxidation products. 
 Further degradation of these secondary oxidation products via e.g. further oxidation, aldol 
condensation, reaction with non-lipid molecules (i.e. proteins), etc. 
Three routes are responsible for the formation of fatty acid hydroperoxides: 




 The autoxidation process which involves a free radical chain reaction, requiring the 
energy demanding formation of fatty acid radicals which will react with triplet oxygen 
and thus form hydroperoxide radicals, which are converted to the primary oxidation 
products via a propagation step. 
 In the photo-oxidation process, visible light in combination with a photosensitizer (e.g. 
riboflavin) and oxygen will result in the formation of hydroperoxides via the direct 
reaction between the highly reactive singlet oxygen and unsaturated fatty acids, thus not 
requiring the formation of fatty acid radicals. When oxygen is not readily available, the 
activated photosensitizer will induce the formation of fatty acid radicals which turn into 
hydroperoxides via an analogous reaction route as in the free radical mechanism). 
 In the enzymatic oxidation process, lipoxygenases will catalyze the formation of 
hydroperoxides from polyunsaturated fatty acids in the presence of triplet oxygen. 
Once the fatty acid hydroperoxides are produced, the peroxide bound is prone to homolytic 
cleavage resulting in the formation of a hydroxyl and alkoxyl radical. From these alkoxyl 
radicals a complex cocktail of secondary oxidation products is produced via scission, cyclisation, 
recombination and other reactions, as show in figure 1.3. 
Because of the electrophilic character of carbonyls species they will react with the nucleophilic 
groups in amino acid side chains (mainly SH and NH2-groups) leading to the formation of imines 
or Michael adducts in the case of alpha-beta unsaturated carbonyls. The reactive carbonyl groups 
can be present in scission products originating from the oxidized fatty acids like for instance 
hexanal or 4-hydroxynonenal (Fig.1.4). In addition, however these reactive groups can be present 
in the oxidized triglyceride as well and then typically their reaction with proteins will result in 
protein crosslinking. 





FIGURE 1.3 AN INTEGRATED SCHEME FOR LIPID OXIDATION SHOWING MULTIPLE REACTION 
PATHWAYS. (SCHAICH, 2005) 
 





FIGURE 1.4 FORMATION OF SCHIFF BASE AND MICHAEL ADDUCT REACTION WITH HISTIDINE AND 
HNE. 
 
In addition to the changes induced in proteins as a result of their interaction with lipid derived 
reactive carbonyls species, proteins may be oxidized directly as well. Protein and amino acids are 
oxidized mostly by hydroxyl radicals and singlet oxygen, producing crosslinked products and 
carbonyls compounds (Choe & Min, 2006), although the reaction with other oxidizing species 
such as the superoxide radical anion (•O2
-
), the hydroxyl radical (OH•), peroxyl radical (ROO•), 
the alkoxyl radical (RO•), the hydroperoxyl radical (HOO•) and oxygen-centered non-radical 
such as singlet oxygen (
1
O2), cannot be excluded. Direct oxidation of proteins can occur in the 
amino acid side chain and on the level of the protein backbone. 
With respect to the latter, a carbon-centered radical is produced in the peptide chain, resulting in 
the formation of a protein hydroperoxide, which will eventually result in chain breaks in the 
protein as illustrated in figure 1.5. Due to the radical formation in the protein, it is obvious 




however that also protein crosslinking can occur due to a combination of two protein radicals. 
Such crosslinking reactions can also occur as a result of oxidation reactions occurring in the side 
chains. Typically the formation of cystine from the sensitive cysteine should be considered. In 
addition however, also dityrosine can be produced via a radical mechanism. These amino acids, 
also other amino acids, in particular tryptophan is prone to oxidation, leading to the toxic 
kynurenine. Tryptophan is an essential amino acid used for protein synthesis or metabolized to a 
variety of bioactive molecules via the serotonine pathway or the kynurenine pathway which 
accounts for the metabolism of more than 95% of dietary tryptophan. “Kynurenines have been 
linked to several psychiatric and mental health disorders such as depression and schizophrenia. 
In addition, due to the close relationship between kynurenine metabolism and inflammatory 
responses, kynurenines are emerging as recognized players in a variety of diseases such as 
diabetes and cancer” (Cervenka, Agudelo, & Ruas, 2017). In fact in particular circumstances, 
tryptophan proved to be more vulnerable for oxidation then methionine, although this is a S-
containing amino acid (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011). 





FIGURE 1.5 THE MOST COMMON CONSEQUENCES OF PROTEIN OXIDATION (ADAPTED FROM LUND 
ET AL., 2011) 
 
Protein crosslinking as a result of the interaction between oxidizing lipids and proteins has been 
reported before, both in autoxidation and photo-oxidation conditions as illustrated in figure 1.6. 
As a result of the protein modification reactions occurring during the co-oxidation of proteins 
and lipids it has been shown that the functional properties of the proteins change drastically 
(Berton, Ropers, Guibert, Solé, & Genot, 2012). 






FIGURE 1.6 POLYMERIZATION OF PROTEINS IN PRESENCE OF LIPIDS DURING PHOTO-OXIDATION. 
SDS-PAGE GEL OF CASEIN BASED EMULSIONS CONTAINING FISH OIL INCUBATED UNDER LIGHT 
(PHOTO-OXIDATION) AT 4ºC (COOMASSIE BRILLIANT BLUE STAINING). 
In lanes 4 and 8, 15 and 30 days incubation respectively, aggregates are clearly presents and big 
aggregates remained in the stacking gel (Obando, Papastergiadis, Li, & De Meulaner, 2015). 
The impact on protein digestibility however has been studied to a limited extent. Some authors 
suggest that this impact depends on the oxidation agent and its concentration (Chen, Zhao, & 
Sun, 2013; Sante-Lhoijtellier, Astrijc, Marinova, Greve, & Gatellier, 2008). Protein digestibility 
is increased at low levels of oxidizing agent, but at higher levels, it declines because of protein 
aggregation formation, which changes the chemical and physical recognition sites for proteolytic 
enzymes. Some authors, Zamora and Hidalgo (2001), observed that the proteolysis of bovine 
serum albumin was modified by the presence of lipid peroxidation products and that whey 
proteins under oxidation conditions aggregated and as result their rate of in vitro digestibility was 
reducecd (Feng, Li, Ullah, Cao, Lan, Ge, Hackman, Li, & Chen, 2015). In view of the limited 
data available on how the digestibility of proteins is impacted by the modification in proteins as a 
Aggregates 




result of their oxidation and their interaction with oxidizing lipids, this research work was 
started. 
1.5 Research objectives 
The overall goal of this research was to investigate what is the impact of oxidizing food models 
containing lipids and protein on the digestibility of proteins, using dairy proteins (casein and 
whey proteins) as a model. 
Research outline 
As outlined above, the phenomena occurring on the level of proteins during the oxidation of 
foods containing lipids and proteins are very complex. In short, two parallel phenomena can take 
place. Proteins and lipids can co-oxidize and in parallel the reactive lipid oxidation products, i.e. 
carbonyl compounds, are likely to react with nucleophilic groups in proteins. Therefore, two 
series of experiments were planned. 
In a first series of experiments, fresh oils were emulsified in the presence proteins in order to 
obtain oil-in-water emulsions. These emulsions were oxidized over time via respectively a 
photo-and autoxidation mechanism. Thus proteins and lipids oxidized in parallel and in addition 
the lipid oxidation products were enabled to react with the proteins. The impact on protein 
modifications and on protein digestibility was evaluated as function of incubation time. 
In a second series of experiments, similar emulsions were taken as a model, but instead of using 
fresh oils, oils with a varying degree of oxidation were used. Soon after the emulsions were 
prepared, the impact on protein digestibility was evaluated, limiting additional oxidation 
phenomena. Compared to the first series of experiments in which both co-oxidation phenomena 
and protein modification with reactive lipid oxidation products were likely to occur, it was 




hypothesized that the co-oxidation phenomena in these second set of experiments would be more 
restricted. Thus it was expected that especially the interaction between proteins and reactive lipid 
oxidation products were favored. By comparing the results of both sets of experiments, it would 
thus be possible to evaluate the impact of the two parallel phenomena (co-oxidation of proteins 
and lipids vs protein modification via lipid oxidation products) separately. 
In a third set of experiments, the impact of oxidation on protein digestibility was studied in a dry 
food system. Schaich, Dong, & Ibadullah (2013) claimed on basis of experiments in for instance 
peanut butter that the impact on protein modification during such an oxidation process was 
considerably higher compared to those observed in a liquid emulsion system. Therefore a liquid 
emulsion containing starch as a bulk material, was freeze dried in order to obtain a powder, 
which was subsequently subjected to an auto-oxidation mechanism. The impact on protein 
digestibility was studied as function of progressive oxidation during incubation.  
This resulted in three experimental chapters. In addition, in the first chapter, the knowledge on 
protein digestibility in emulsions is presented and in the last chapter the research insights are 
discussed in a broader context and general conclusions are presented.  

























FIGURE 1.7. SCHEMATIC RESEARCH OUTLINE 
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Impact Of Lipid and Protein Co-oxidation On 
Digestibility Of Dairy Proteins In O/W emulsions 
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Chapter 2. Impact Of Lipid and Protein Co-oxidation On Digestibility Of 
Dairy Proteins In O/W Emulsions 
 
Abstract 
Enrichment of polyunsaturated fatty acids (PUFAs) is a growing trend in the food industry. 
However, PUFAs are known to be susceptible to lipid oxidation. It has been shown that 
oxidizing lipids react with proteins present in the food and that as a result polymeric protein 
complexes are produced. Therefore the aim of this work was to investigate the impact of lipid 
and protein co-oxidation on protein digestibility. Casein and whey protein (6 mg/mL) based 
emulsions with 1% oil with different levels of PUFAs were subjected to respectively auto-
oxidation and photo-oxidation. Upon autoxidation at 70°C, protein digestibility of whey protein 
based emulsions containing fish oil decreased to 47.7 ± 0.8 % after 48 hours, while in the control 
(only whey protein) a drop to 67.8 ± 0.7% was observed. Upon photo-oxidation at 4°C during 30 
days, mainly casein based emulsions containing fish oil were affected: the digestibility amounted 
43.9 ± 1.2 %, while in the control casein solutions without oil, 72.6 ± 0.2% of the proteins were 
digestible. Emulsions containing oils with high PUFAs levels were more prone to lipid oxidation 
and thus upon progressive oxidation showed a higher impact on protein digestibility.  
  





Enrichment of foods with polyunsaturated fatty acids (PUFAs) is a growing trend in the food 
industry. This trend has been driven by current findings suggesting that PUFAs can prevent the 
occurrence of cardiovascular diseases, which are known to be responsible for 4.1 million deaths 
in Europe in 2012 (Cardiopulse statistics, 2013). PUFAs are fatty acids with multiple unsaturated 
double bonds. α-Linolenic acid (ALA) is the most commonly available ω-3 PUFA through 
dietary oils from both plant and animal sources. Whereas eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) are predominant in fish oil (Ganesan, Brothersen, & McMahon, 
2014). However marine lipids are very susceptible to lipid oxidation, which is one of the main 
causes of chemical deterioration of foods (Horn, Nielsen, Andersen, Sogaard, Horsewell, & 
Jacobsen, 2011). Oxidation of unsaturated fatty acids leads to the formation of odourless and 
tasteless hydroperoxides, which are further decomposed to secondary oxidation products, mainly 
aldehydes. This group consists of saturated aldehydes (i.e, pentanal and hexanal), unsaturated 
aldehydes (i.e, 3-hexenal, 3-nonenal, acrolein and 2-butenal), dialdehydes (i.e, malondialdehyde 
(MDA)) and hydroxylated α,β-unsaturated aldehydes. These compounds have been detected in 
various concentrations in lipid containing foods (Papastergiadis, Mubiru, Van Langenhove, & De 
Meulenaer, 2012; Papastergiadis, Fatouh, Jacxsens, Lachat, Shrestha, Daelman, Kolsteren, Van 
Langenhove, & De Meulenaer, 2014), and are also known to react with proteins resulting in 
various aldehyde-amino acid adducts.  For instance, Meynier, Rampon, Dalgalarrondo, and 
Genot (2004) showed that hexanal and E-2-hexenal caused structural changes to whey proteins 
and sodium caseinate, due to covalent binding leading to protein aggregation. Cucu, Devreese, 
Mestadgh, Kerkaert, and De Meulenaer (2011) observed that severe protein aggregation occurred 
when dairy protein based emulsions were subjected to an autoxidation process. Similar results 




were found with respect to the aggregation of whey proteins in emulsions during photo-
oxidation. Oxidized lipids also interacted with amino acids resulting in a decreased nutritional 
quality of the dairy proteins. Similarly Vandemoortele and De Meulenaer showed recently that 
malondialdehyde react with proteins as well (Vandemoortele & De Meulenaer, 2015). 
The interaction between oxidizing lipids and proteins has been scarcely investigated (Berton-
Carabin, Genot, Gaillard, Guibert, & Ropers, 2013; Cucu, Devreese, Mestdagh, Kerkaert, & De 
Meulenaer, 2011; Mestdagh, Kerkaert, Cucu & De Meulenaer, 2011; Karel, Schaich, & Roy, 
1975), although lipid oxidation in protein based emulsions has been investigated by many 
researchers (Hu, McClements, & Decker, 2003; Let, Jacobsen, Frankel, & Meyer, 2003; Let, 
Jacobsen, & Meyer, 2007). This is remarkable in view of the vast amount of research published 
in the area of the interaction between proteins and reactive carbonyls generated by sugar 
degradation and its impact on protein quality (Maleki, Chung, Champagne, & Raufman, 2000; 
Henle, 2007). Thus it was shown that due to the interaction between protein and  reactive 
carbonyls originating from sugar degradation, protein digestibility was impaired (Corzo-
Martinez, Soria, Belloque, Villamiel, & Moreno, 2010). Therefore it could be speculated that, 
considering the known generation of reactive carbonyls species during lipid oxidation and, the 
previously reported impact of lipid-protein co-oxidation via both auto-oxidation and photo-
oxidation on the chemical modification of proteins, that as a result of these oxidation processes, 
protein digestibility could be affected too (Cucu, Devreese, Mestdagh, Kerkaert, & De 
Meulenaer, 2011; Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011). 
Protein digestibility is an indirect measure of the extent of the hydrolysis  of proteins into amino 
acids and their subsequent absorption and thus is a relevant factor for nutritional quality 




assessment (Corzo-Martinez, Soria, Belloque, Villamiel, & Moreno, 2010). Lack of protein 
digestibility can result in lower nutritional uptake and protein aggregation.  
Hence, the present study was carried out to evaluate the impact of lipid and protein-oxidation on 
protein digestibility in emulsions. Initially emulsions with two types of proteins (whey proteins 
and caseins) and oils with different levels of PUFAs were prepared and thereafter subjected to 
both photo-oxidation and auto-oxidation. Protein digestibility was then assessed using a 
simulated gastrointestinal digestion model. 
2.2 Materials and Methods 
2.2.1 Chemicals 
Chemicals of analytical grade were obtained from Sigma-Aldrich, Bornem, Belgium), VWR 
(Leuven, Belgium) and Acros Organics (Geel, Belgium). Potassium phosphate buffer 0.1M pH 
7.4, consisted of K2HPO4 and KH2PO4. Phosphate-buffered saline (PBS) (pH 6.8) consisted of 
0.135M NaCl, 1.5mM KH2PO4, 8mM NaH2PO4•12 H2O and 2.7mM KCl. 
2.2.2 Materials 
Whey protein isolate (Lacprodan® DI-9224) and sodium caseinate (Microdan® 30) were 
provided by Acatris Food Belgium (Londerzeel, Belgium) and Arla Foods (Wageningen, 
Netherlands). Food grade oils were purchased from a local store, except for fish oil, which was 
provided by Smit & Zoon (Weesp, Netherlands). Gel and standards for SDS-PAGE were from 
Bio-Rad (Nazareth, Belgium). 
2.2.3 Storage experiment  
For the auto-oxidation experiment, oil-in-water emulsions were prepared in 10mM potassium 
phosphate buffer pH 7.4 containing 10 mg/mL (1%) fish, soybean or sunflower oil, respectively, 




with 6 mg/mL of whey protein isolate or sodium caseinate (6 mg/mL in the same buffer). 
Samples were prepared in three independent replicates. Emulsions were heated at 60°C and 
homogenized with a high speed blender (Janke and Kunkel, IKA-Werk, Staufeb, Germany) for 2 
min at 9200 rpm. Then, the emulsions were transferred to Falcon tubes of 50 mL. For the auto-
oxidation experiment, these emulsions were further incubated in a water bath at 70°C for 0, 48, 
96 and 144 hours. Solutions of whey protein isolate or sodium caseinate were incubated at the 
same temperature as a control. 
For the photo-oxidation experiments, only soybean and fish oil were used for emulsions. The oil-
in-water emulsions were prepared in a similar way as mentioned above, but with the addition of 
2 µg/mL riboflavin and phosphate-buffered saline (PBS) pH 6.8. Emulsions were homogenized 
at 280 bar by a Microfluidizer 110S (Microfluidics Corporation, Newton, Massachusetts, USA) 
having its heat exchange coil immersed in a water bath at 60°C. Sterilized Duran bottles of 250 
mL were filled with 150 mL of emulsion and pasteurized in a water bath at 70°C for 5 min and 
cooled down with cold water. The samples were incubated at 4°C on an orbital shaker (Edmund 
Bühler, Hechingen, Germany) under homogeneous illumination (2200 lux) obtained in a light 
cabinet using Philips TL-D 36W/840 fluorescent tubes, fixed 0.5 m above the bottles. The 
illumination intensity was measured at the level of the bottlenecks using a Lux meter (PAR-cell 
532; 400−700 nm, Skye Instruments, Llandrindod Wells, UK). 
2.2.4 Lipid characterization 
The lipids were characterized by their fatty acid profile. After saponification of triacylglycerols 
with a methanolic NaOH solution, the fatty acids were esterified with BF3/MeOH reagent in 
presence of NaOH. The methyl esters were injected cold on-column in a gas chromatograph 
(6890N, Agilent Technologies, Diegem, Belgium) equipped with a capillary column CP-Sil 88 




for FAME (60 m x 0.25 mm ID x 0.20 μm film thickness) from Varian (Sint-Katelijne-Waver, 
Belgium) and a flame ionization detector operated at 300°C. The oven was programmed as 
follows: 50°C for 4 min, increasing to 120°C (10°C/min) and further to 163°C (5°C/min) and 
holding at 163°C for 19 min. Finally the temperature was increased to 225°C (10°C/min) and 
held for 16 min. Helium was used as carrier (1 mL/min) and make up gas (20 mL/min). 




The peroxide value and p-anisidine value of the oil prior to emulsification were determined 
according to AOCS official method Cd 8-53 and Cd 18–90, respectively. In table 2.1, the fatty 
acid composition of the oils and their initial oxidation status are shown. 
2.2.5 Malondialdehyde (MDA) determination 
Malondialdehyde determination was performed following the method of Papastergiadis, Mubiru, 
Van Langenhove, and De Meulenaer (2012). Trichloroacetic acid was added to the samples until 
a final concentration of 15% to precipitate the proteins. Samples were then centrifuged at 13000 
g to get a clear supernatant. The top layer was discarded and 1 mL of supernatant was mixed 
with 3 mL of TBA reagent (40 mM dissolved in 2 M acetate buffer at pH 2.0) in a test tube and 
heated in a boiling water bath for 40 min. The reaction mixture was cooled prior to the addition 
of 1 mL of methanol, and 20 μL of the sample was injected into a Varian C18 HPLC column (5 
μm, 150 × 4.6 mm), held at 30 °C. The mobile phase consisted of 50 mM KH2PO4 buffer 
solution, methanol and acetonitrile (72:17:11, v/v/v, pH 5.3), pumped isocratically at 1 mL/min. 
Fluorometric detector excitation and emission wavelengths were set at 525 and 560 nm, 
respectively. For quantification, standard solutions of MDA in 7.5% TCA were prepared from 




1,1,3,3-tetraethoxypropane (TEP) and calibration curves were prepared at a concentration 
ranging from 0.6 to 10 μM. 
2.2.6 Hexanal determination 
Hexanal formation in emulsions was evaluated using headspace solid-phase microextraction 
(HS-SPME) combined with gas chromatography–mass spectrometry (GC–MS). A total of 1 mL 
of  emulsion was placed in a glass headspace vial (size 10 mL) and mixed with 2 mL of 0.02M 
buffer prepared with Na2HPO4 and KH2PO4, pH 2.0 (adjusted with phosphoric acid). Butylated 
hydroxyanisol (BHA) dissolved in methanol was added in the vial at a final concentration of 
2.8M and a 0.015 mg/mL of hexanal–d12 in methanol was incorporated in the sample. The vial 
was sealed with a PTFE septum cup and was subjected to HS- SPME extraction. The SPME 
fiber (75 μm Carboxen/PDMS, Supelco, Bellefonte, PA,USA) was inserted into the headspace of 
the vial and left there for 30 min at 75 °C. Volatile compounds were desorbed by inserting the 
fiber into the injection port of an Agilent 7890A chromatograph (Agilent Technologies, Palo 
Alto, CA) operated in splitless mode for 10 min at 240 °C. Helium was used as carrier gas with a 
constant flow rate of 1.3 mL/min. The compounds were separated on a DB-624 column (60m × 
0.25 mm x 1.4 mm). The oven temperature program began at 50 °C for 5 min, followed by an 
increase to 4 °C/min to 140°C, then 30 °C/min to 240 °C for 10 minutes. An Agilent 5975C inert 
XL  mass spectrometry detector  was used and detection was carried out on the total ion current 
obtained by electron impact at 70 eV. An external calibration curve was prepared. The selected 
ions for quantification were 64 and 56 for hexanal-d12 and hexanal respectively. 
2.2.7 Electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out, 
mixing  10 μL of diluted sample (1 mg protein/mL) with 10 μL of Laemmli buffer (Bio-Rad, 




Nazareth, Belgium) containing 0.05% (v/v) mercaptoethanol. Samples were heated for 5 min at 
90 °C and centrifuged for 5 min at 13200 g. Subsequently, 10 μL of sample was brought onto a 
15% polyacrylamide Tris-HCl gel (Bio-Rad). Electrophoresis was performed at a constant 
voltage of 160 V. The gels were stained with Biosafe Coomassie (Bio-Rad), and a precision plus 
protein standard (Bio-Rad) was used as a molecular weight marker. 
Silver staining was also used with the photo-oxidation experiment because of its higher 
sensitivity  for detecting protein in polyacrylamide gels (Chevallet, Luche, & Rabilloud, 2006). 
The gels were fixed with a solution of trichloroacetic acid solution 20% (w/v) for one hour. 
Then, the gels were placed subsequently in an aqueous solution of 40% ethanol (v/v) and 10% 
(v/v) acetic acid for 30 min. After, the gels were soaked in an aqueous 10% (w/v) glutaraldehyde 
solution for 30 min. For staining, the gels were soaked in a silver diamine solution for 30 min. 
The silver diamine was prepared as follows: 21 mL of 0.36% (w/v) NaOH was added to 1.4 mL 
of 35% (w/v) ammonia and then 4 mL of 20% (w/v) silver nitrate was added dropwise with 
stirring, the solution was made up to 100 mL of water. After, the gels were washed three times 
with water. Finally, a solution of 2.5 mL of 1% (w/v) citric acid and 0.26 mL of 36% (w/v) 
formaldehyde made up to 500 mL with water was prepared. The gels were placed in that solution 
until the protein were visualized as dark brown zones. At that point, the gels were immersed in 
an aqueous solution of 40% ethanol and 10% (v/v) acetic acid to stop the reaction and protein 
bands with good resolution were obtained. 
2.2.8 In vitro model digestion 
A static in vitro model digestion was applied for emulsions, considering the oral phase as 
negligible due to fast swallowing. For the gastric phase the pH of each sample (5 mL emulsion) 
was adjusted to 2.0 with 8 M HCl. Pepsin (P6867 Sigma-Aldrich) was added at an 




enzyme/protein ratio of 1/250 (w/w) using a solution of 10 mg in 1 mL water. Samples were 
incubated at 37°C for 2 hours with constant shaking. After this, the duodenal phase was initiated 
by increasing the pH to 6.5 with NaOH 8 M. Lipase (100-400 units/mg L3126 Sigma-Aldrich) 
1.6 mg/mL and 5 mg/mL of bile salts (B8631 Sigma-Aldrich) were diluted in 5 mM phosphate 
buffer pH 7.4 and 1.7 mg/mL CaCl2. Trypsin (T0303 Sigma-Aldrich) enzyme/protein ratio 1/250 
(w/w) and α-chymotrypsin (C4129 Sigma-Aldrich) enzyme/protein ratio 1/250 (w/w) were 
added using a solution of 10 mg of each enzyme in 1 mL 0.1M HCl to each sample. Incubation 
at 37°C for 2.5 hours was done with constant shaking. At the end of the incubation, the pH was 
adjusted to 5.0 with 8 M HCl to stop the digestion. 
2.2.9 Digestibility 
Protein extraction with 30% TCA (m/v) was done to get a 15% TCA final concentration in each 
sample. Samples were kept on ice during 10 minutes to ensure total precipitation of undigested 
proteins. Centrifugation at 13000 g for 10 minutes at 4ºC was done and the supernatant was 
discarded. The pellet was re-dissolved in 10% NaOH and the nitrogen content was determined 
by the Kjeldahl method. Digestibility was calculated as follows: 
% Digestibility= (1 - N(mg) digested samples/ N (mg) non digested samples) x 100 
2.2.10 Microbial analysis 
During the photo-oxidation experiment, the development of psychrotrophic bacteria was 
evaluated on plate count agar (Oxoid, Hampshire, England). Using the dilution plate technique, 
microbial growth was not visible, after 24 hours of incubation time at 37°C. These results 
showed that our samples were not contaminated with psychrotrophic bacteria during the period 
of the experiment. 




2.2.11 Statistical analysis 
Statistical comparison between the results was done by a one-way ANOVA, test applying a 
significance level of p < 0.05. Normality was checked with a Kolmogorov-Smirnov test and 
Levene test has applied to confirm the homogeneity of variances. The SPSS 21 statistics package 
was used. 
2.3 Results 
In this study, emulsions were prepared with fresh oils which were subjected to two different 
oxidation processes. Three types of oils were selected: fish, soy and sunflower oil. The oils were 
selected because of their expected differences in oxidation susceptibility in view of their fatty 
acid composition: fish oil was expected to be the most vulnerable for oxidation as it contained a 
significant amount of the poly-unsaturated fatty acids DHA and EPA (Table 2.1). DHA was 
previously shown to be more than 5 times more susceptible for oxidation compared to linoleic 
acid (Frankel, 2005). Soybean oil, containing high levels of linoleic acid in combination with 
significant amount of alfa-linolenic acid, was expected to be the second most vulnerable, again 
because of the higher reactivity (factor 2) of the n-3 fatty acid compared to linoleic acid. 
Sunflower oil, lacking the presence of PUFA’s with more than 2 double bounds, was thus 
expected to be the least sensitive for oxidation. With respect to the oxidation processes and 
conditions selected, the experimental design was based on previously presented research of our 
group, dealing both with the co-oxidation of lipids and proteins using respectively a model in 
which the autoxidation reaction was accelerated by an increase of the temperature (to 70°C) and 
a model in which the photo-oxidation was induced at refrigerated temperature in the presence of 
riboflavin and light (Cucu, Devreese, Mestdagh, Kerkaert, & De Meulenaer, 2011; Mestdagh, 
Kerkaert, Cucu, & De Meulenaer, 2011). As mentioned before, both studies revealed drastic 




chemical changes in the proteins and therefore the aim of the present study was to extend our 
understanding with respect to the potential significance of these changes by evaluating the 
impact on protein digestibility. 
Auto-oxidation experiment 
Oil-in-water emulsions prepared with 1% fish, soybean or sunflower oil were incubated at 70°C 
for 0-48-96 and 144 hours. The formation of MDA and hexanal were measured throughout the 
experiment in order to confirm that lipid oxidation actually occurred (Table 2.2). MDA, which is 
a typical secondary oxidation product of polyunsaturated fatty acids, was mainly detected in 
whey protein based emulsions containing fish oil. The MDA detected was 2.1 µg/mL after 48h. 
Afterwards the MDA content declined to 1.3 µg/mL (96h) and finally to 0.3 µg/mL at the end of 
the incubation. In casein based emulsions containing fish oil, the MDA content detected after 48 
hours was 0.4 µg/mL, and declined upon further incubation to 0.1 µg/mL at 96 hours. MDA was 
not detected in emulsions based on casein and whey proteins containing soybean oil or sunflower 
oil. 
Hexanal could not be detected in any of the fresh emulsions (Table 2.2). However, after 48 
hours, emulsions containing sunflower oil proved to be the most sensible for hexanal formation: 
in whey protein based emulsions after 48 hours, 0.2 µg/mL was detected and its concentration 
increased to 0.4 µg/mL after 96 hours of incubation. Upon further incubation at 144 hours, the 
concentration decreased to 0.1 µg/mL. The same trend was observed in the casein based 
emulsions containing sunflower oil. Hexanal was detected to 0.6 µg/mL at 48 hours and 
increased to 3.8 µg/mL at 96 hours. Upon further incubation its concentration decreased to 1.3 
µg/mL. Hexanal was not detected in the fish oil containing emulsions. In whey protein based 




emulsions containing soybean oil, 0.1 µg/mL hexanal was detected after 96 hours and was not 
detected at 144 hours. In casein based emulsions containing soybean oil, 0.1 µg/mL of hexanal 
was detected at 96 hours and 0.5 µg/mL at the end of the incubation experiment. These data 
showed that lipid oxidation occurred to some extent in all the emulsions. However, no 
continuous increase in the concentration of the considered aldehydes was observed. This 
demonstrates that upon incubation these aldehydes can further react. One of the possible reaction 
pathways may involve proteins as explained above.  
In order to monitor the effects of the interaction between the oxidizing lipids and proteins, the 
formation of protein aggregates was monitored using SDS-PAGE, as shown in figure 2.1 for the 
fish oil based emulsions. Both for whey protein and casein containing emulsions, considerable 
aggregate formation has observed after 48 hours of incubation, resulting in an almost total 
disappearance of the original proteins at that point of incubation. Figure 2.2 shows also 
aggregates formed in emulsions containing sunflower and soybean oil after 48 hours of 
incubation. In the control experiments without oil, the formation of aggregates was also observed 
after 48 hours, but the original proteins were still detectable at the end of the experiment. 
Protein digestibility was evaluated in all samples by analyzing the digested samples using SDS-
PAGE and by determining the non-protein nitrogen. Freshly prepared protein solutions showed 











Table 2.1 Characterization of oils. Fatty acid profile, peroxide value and p-anisidine 








C14:0 7.1 0.1 0.1 
C16:0 15.0 10.6 6.3 
C16:1 8.5 0.1 0.1 
C18:0 2.9 3.9 3.5 
C18:1c9 12.8 23.4 26.2 
C18:1c11 3.3 1.7 1.2 
C18:2 5.7 51.6 60.2 
C18:3n-3 1.3 6.4 0.1 
C18:3n-6 0.4 0.3 --- 
C18:4 2.8 0.1 0.1 
C20:0 0.2 0.5 0.4 
C20:1 1.1 0.5 0.1 
C20:2 0.3 --- --- 
C20:4 1.0 --- --- 
C20:5 EPA 18.4 --- --- 
C22:0 0.1 0.4 0.6 
C22:1 0.6 --- --- 
C22:4 0.8 --- --- 
C22:6 DHA 7.9 --- --- 
Peroxide value (meq.O2/kg fat) 5.4 4.8 2.2 












Table 2.2. Malondialdehyde and hexanal content in whey and casein based emulsions 
containing sunflower, soybean or fish oil (1%). Incubation at 70°C. 
All the data are expressed as mean of two independent replicates. LOD = 0.03 μg MDA/mL, LOD = 0.04μg 
hexanal/mL. LOQ = 0.08 µg hexanal/mL. P-value < 0.05 is significant according Tukey test in ANOVA one-way in 
every treatment as function of time. 
 
Protein digestibility in the whey protein solution decreased significantly after 48 hours of 
incubation to 68 %. A similar behavior has observed for the whey protein based emulsion 
containing sunflower oil. An additional impact on protein digestibility was observed for the 
whey protein based emulsion containing soybean oil while for the whey protein based emulsions 
containing fish oil an even bigger impact on protein digestibility was observed after 48 hours of 
incubation (reduced to 48 %). Upon further incubation of the whey protein based emulsions 
almost no additional impact on protein digestibility in any of the emulsions could be observed. 
 




Sample / Time 
(hours) 
0 48 96 144 p-
value 
0 48 96 144 p-value 
Whey sunflower 
oil emulsion 
<LOD <LOD 0.1 0.1 0.012 <LOD 0.2 0.4 <LOQ 0.001 
Whey soybean oil 
emulsion 
<LOD <LOD <LOD <LOD --- <LOD <LOQ <LOQ <LOQ 0.028 











<LOD <LOD 0.2 0.1 0.003 <LOD 0.6 3.8
 
1.3 0.000 
Casein soybean oil 
emulsion 
<LOD <LOD <LOD <LOD --- <LOD <LOD 0.1 0.5 0.000 




0.4 0.1 0.2 0.028 <LOD
 
<LOD <LOD <LOD --- 





FIGURE 2.1 SDS-PAGE OF PROTEIN SOLUTIONS AND FISH OIL CONTAINING EMULSIONS INCUBATED 
AT 70°C DURING 0,48, 96 AND 144 HOURS. NON DIGESTED AND IN VITRO DIGESTED SAMPLES. 
(COOMASSIE BRILLIANT BLUE STAINING)  
A. Whey Protein Solution. B. Casein Protein solution. C. Whey Protein based emulsion containing fish oil. D. 
Casein Protein based emulsion containing fish oil. Lane 1: Standard Bio-Rad; lanes 2, 4, 6 and 8:0, 48, 96 and 144 
hours, samples before digestion; lanes 3, 5, 7 and 9: 0, 48, 96 and 144 hours, samples after gastrointestinal digestion; 









Table 2.3. Protein digestibility (%) of whey protein isolate and sodium caseinate in solution 
and emulsions as function of the incubation time and upon auto-oxidation at 70°C. 













Whey protein solution  80.1 ± 0.5
a














































































All the data are expressed as mean ±SD and are the mean of three independent replicates. Means with different 
superscript letters are significantly different (p<0.05) in rows. Protein content 6 mg/mL, and oil content 1%. A 
phosphate buffer 0.1M at pH 7.4 was used. 
 
 
FIGURE 2.2 SDS-PAGE OF CASEIN BASED EMULSIONS CONTAINING (A) SUNFLOWER OR (B) 
SOYBEAN OIL INCUBATED AT 70°C DURING 0,48, 96 AND 144 HOURS. SAMPLES BEFORE AND AFTER 
IN VITRO GASTROINTESTINAL DIGESTION (COOMASSIE BRILLIANT BLUE STAINING). 
A. Casein based emulsion containing sunflower oil. B. Casein based emulsions containing soybean oil. Lane 1: 
Standard Bio-Rad; lanes 2, 4, 6 and 8: 0, 48, 96 and 144 hours, samples before gastrointestinal digestion; lanes 3, 5, 
7 and 9: 0, 48, 96 and 144 hours, samples after gastrointestinal digestion. 
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For the casein solution, the impact of incubation at 70°C was restricted, but nevertheless 
significant. For the casein based emulsions, an impact on protein digestibility could be observed 
after 48 hours of incubation, expect for emulsions containing soybean oil. Upon further 
incubation a progressive impact on protein digestibility was observed, being most pronounced 
for the fish oil containing emulsions. In general however, the impact on the digestibility of 
caseins was lower as compared to whey proteins for all the samples considered. 
The digestibility of casein and whey protein based emulsions was evaluated using SDS-PAGE. 
In the fish oil containing emulsions, original proteins could not be detected anymore. The 
presence of the aggregates in the digests was still observed for the samples which were incubated 
longer, although their intensity was clearly lower as compared to before digestion (Figure 2.1 C 
and 2.1 D). Similarly, for soybean oil and sunflower oil based emulsions the original proteins 
could not be observed after gastrointestinal digestion. Protein aggregates remained also 
detectable in emulsions containing soybean oil, while for the sunflower containing emulsions 
they could not be observed anymore (Figure 2.2). 
Photo-oxidation experiment 
Photo-oxidation experiments were only performed with emulsions containing fish oil or soybean 
oil, as the impact on protein digestibility in the sunflower oil based emulsions during 
autoxidation was the most limited compared to the control experiments. Similar as in the auto-
oxidation experiment, MDA and hexanal were monitored to confirm that lipid oxidation 
occurred. MDA was detected mainly in fish oil based emulsions. In the whey protein based 
emulsions 1.3 µg/mL of MDA was detected after 15 days incubation under light, which 
increased to 1.8 µg/mL after 30 days, as shown in Table 2.4. The same trend and values were 




observed with casein based emulsions. In the case of soybean oil containing emulsions minor 
amounts up to 0.3 µg/mL were detected in both whey protein and casein based emulsions after 
15 days of incubation. Similar concentrations were observed for fish oil emulsions stored in the 
dark for 30 days of incubation. MDA was not detected in soybean oil emulsions stored for 30 
days in the dark. 
Hexanal was not detected in the fresh emulsions. Casein based emulsions containing soybean oil 
showed high amounts of hexanal after 15 days of incubation under light (19 µg/mL), which 
further increased to 22 µg/mL after 30 days. The same trend was observed for the casein based 
emulsions containing fish oil however the levels were only 1.2 µg/mL after 15 days and 2.3 
µg/mL after 30 days. The whey protein based emulsions containing fish oil showed 0.5 µg/mL 
hexanal at 15 days and the level increased to 2.2 µg/mL after 30 days. In the control samples, 
incubated in the dark, hexanal could not be detected after 15 days and 0.1 µg/mL was detected 
after 30 days in casein based emulsions containing fish oil. 
Protein digestibility was assessed quantitatively determining the non-protein nitrogen/total 
nitrogen ratio after digestion and qualitatively by SDS-PAGE, after 0, 15 and 30 days of 
incubation under light. Controls were done with proteins solutions and emulsions stored in the 
dark (Table 2.5). For the illuminated whey protein based emulsions considerable loss of protein 
digestibility could only be appreciated with emulsions containing fish oil after 15 days upon 
incubation, which decreased from 77 % to 64 %. After 30 days of incubation, the digestibility of 
the whey protein based emulsions containing fish oil, reached only 56.4 % compared to 70.8 % 
for the soybean containing emulsions. Protein digestibility of the control emulsions stored in the 
dark did not significantly change during incubation. 




Table 2.4 Malondialdehyde and hexanal content  in whey and casein based emulsions 






Sample / Time (days) 15 30 p-value 15 30 p-value 






















All the data are expressed as mean of two independent replicates. * MDA and hexanal were non detected at day 0 in 
all emulsions. UA: unavailable. P-value < 0.05 is significant according Tukey test in ANOVA one-way in every 
treatment over time (rows). 
 
Table 2.5 Protein digestibility (%) of whey protein isolate or sodium caseinate in solution 
and emulsions as function of the incubation time at 4°C under 2200 lux. (Photo-oxidation 
experiment). 
 % Protein digestibility 
Sample  0 day  15 days  30 days 
 



















Whey soybean oil 
emulsion 















Whey fish oil  emulsion 
 





























      74.2± 0.3
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All the data are expressed as mean ±SD and are the mean of three independent replicates. Means with different 
superscript letters are significantly different (p<0.05) in rows. 
 




Protein digestibility of casein protein solutions was higher (78 %) than in casein based 
emulsions. For illuminated casein solutions limited aggregates could be appreciated (data are not 
shown). In contrast to the whey protein based emulsions, casein digestibility decreased 
considerably in all emulsions, after 15 days of exposure to light. Fresh soybean oil containing 
emulsions showed 76 % of protein digestibility and after 15 days of light exposed incubation, 
protein digestibility dropped down to 65 %, remaining constant upon further incubation. In the 
case of casein based emulsions containing fish oil, protein digestibility at day 0 was 76 % and 
after 15 days it was reduced to 58 %. Upon further exposure to light, protein digestibility 
dropped even to 44 %. 
In order to monitor the effects of the interaction between the lipid oxidation products and 
proteins, the formation of aggregates was monitored using SDS-PAGE (using Coomassie Blue 
staining), as shown in figure 2.3. For whey protein based emulsions, bands of high molecular 
weight compounds were formed after 15 and 30 days of illuminated storage with both oils 
studied. In contrast, control samples stored in the dark remained without change. Peptides 
between 5 and 6 KDa remained in photo-oxidized whey protein based emulsions after 
gastrointestinal digestion. 
More intense aggregates were formed in the casein based emulsions after 15 days of illuminated 
storage, especially with fish oil containing emulsions. In digested casein based emulsions, the 
intensity of the bands between 5 and 6 KDa were considerably lower compared to whey protein 
containing emulsions. SDS-PAGE using respectively silver (Figure 2.4 A) and Coomassie blue 
staining (Figure 2.4 B) were done to appreciate in a better way the intensity of the peptides bands 
after digestion and remaining aggregates of casein based emulsion containing fish oil. However, 
aggregates could be better observed in gels stained with Coomassie blue. 





FIGURE 2.3 SDS-PAGE OF EMULSIONS CONTAINING  FISH OIL OR SOYBEAN INCUBATED FOR 0,15 
AND 30 DAYS STORAGE UNDER LIGHT (2200 LUX) OR DARK AT 4°C. SAMPLES BEFORE AND AFTER 
IN VITRO GASTROINTESTINAL DIGESTION (COOMASSIE BRILLIANT BLUE STAINING). 
A. Whey Protein based emulsions containing fish oil. B. Casein based emulsions containing fish oil. Lane 1: 
Standard Bio-Rad; lanes 2, 4, 8:0, 15 and 30 days samples under light, before digestion; lanes 3, 5, 9: 0, 15, 30 days 
samples under light, after digestion; lanes 6 and 10: 15 and 30 days samples under dark before digestion; lane 7: 15 
day sample under light after digestion. C. Whey Protein based emulsions containing soybean oil. Lane 1: Standard 
Bio-Rad; lane 2: Whey fish oil 30 day sample under dark after digestion. Lanes 3, 5, 9: 0, 15 and 30 days samples 
under light before digestion; lanes 4, 6, 10: 0, 15 and 30 days samples under light after digestion; lane 7: 15 days 
samples under dark before digestion and lane 8: 15 days sample under dark after digestion. D. Casein based 
emulsions containing soybean oil. Lane 1: Standard Bio-Rad; lane 2: Casein containing fish oil 30 day sample under 
dark after digestion. Lane 3, 5, 9: 0, 15 and 30 days samples under light before digestion; lanes 4, 6 and 10: 0, 15 
and 30 days samples under light after digestion;  lane 7: 15 days sample under dark before digestion and lane 8: 15 
days sample under dark after digestion. 
A B 
C D 





FIGURE 2.4 SDS-PAGE OF EMULSIONS CONTAINING FISH OIL INCUBATED DURING 0,15 AND 30 
DAYS AND STORAGE UNDER LIGHT (2200 LUX) OR DARK AT 4°C. SAMPLES BEFORE AND  AFTER IN 
VITRO GASTROINTESTINAL DIGESTION. SILVER STAINING (A) AND COOMASSIE BLUE STAINING (B). 
A. Silver Staining Casein based emulsion containing fish oil. B. Coomassie Blue Staining Casein based emulsion 
containing fish oil. Lane 1: Standard Bio-Rad, lane 2: emulsion 0h before digestion; lane 3: emulsion 0h after 
digestion lane 4: 15 days sample under light before digestion; lane 5: 15 days sample under light after digestion; lane 
6: 15 days sample under dark before digestion; lane 7: 15 days sample under dark after digestion; lane 8: 30 days 
sample under light before digestion; lane 9: 30 days sample under light after digestion; lane 10: blank. 
2.4 Discussion 
Autoxidation experiment 
Lipid oxidation in some extent occurred in all emulsions upon incubation at 70°C. However, 
there was no consistent increase in the concentration of MDA and hexanal at longer incubation 
times. This suggests that upon oxidation these aldehydes can react away, for instance with 
proteins. Obviously, proteins may interact with others lipid oxidation products as well. Lipid 
oxidation is a dynamic process where co-oxidation reactions with proteins can reduce the levels 
of lipid oxidation products (Schaich, 2008). Secondary products of oxidation can react with 
lysine amino groups generating Schiff bases (Refsgaard, Tsai, & Stadtman, 2000). Thus, Cucu, 
Devreese, Mestdagh, Kerkaert and De Meulenaer (2011) confirmed that about 70 % of reactive 
lysine was lost after 48 hours of incubation at 70°C in whey based emulsions containing fish oil 
In the same way, they showed that oxidation of whey protein assessed via the protein carbonyl 
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content is enhanced by the presence of oils and their effects are dependent of the kind of oil used 
and its initial oxidation status. Their research confirmed that fish oil was the most susceptible to 
oxidation with the highest amount of protein bound carbonyls and losses of various amino acids. 
Furthermore, recently Vandemoortele and De Meulenaer (2015), showed as well that up to 70 % 
of malondialdehyde was lost after 24 h incubation with whey proteins at 40°C, which was 
partially attributed to the reaction of this dialdehyde with the proteins present. 
Due to these reactions with proteins and resulting protein modification, we hypothesized that, 
protein digestibility could be affected. Incubation of whey and casein proteins at 70°C in absence 
of the oxidizing lipids however resulted already in a significant reduction in protein digestibility, 
especially for whey proteins. That can be explained due to the unfolding of whey proteins at 
70°C. The major whey protein, β-lactoglobulin loses its tertiary and secondary structure and the 
free –SH groups become exposed in addition to the hydrophobic residues that can lead to greater 
reactivity stimulating protein-protein interactions and generating the formation of irreversible 
protein aggregates (Wijayanti, Bansal, & Deeth, 2014). By the addition of oil, a restricted 
reduction in protein digestibility was moreover noticed before the incubation experiments 
started. Accordingly, our results seem to contradict some authors (Macierzanka, Sancho, Mills, 
Rigby, & Mackie, 2009; Sarkar, Goh, Singh, & Singh, 2009) that found increased protein 
hydrolysis in emulsions, more than in protein solutions, due to the adsorption of protein to the 
interface. It has been  hypothesized that adsorption allows moderate unfolding and thus creates 
better accessibility for the enzymatic cleavage. However, emulsions are very complex systems 
where characteristics of oil such as polarity, amount of protein and oil, oil droplet, particle size, 
partitioning of proteins in the interface or in the aqueous phase and processing conditions, can 




greatly influence the protein digestibility (Mackie & Macierzanka, 2010; Maldonado-
Valderrama, Wilde, Mulholland, & Morris, 2012; Peram, Loveday, Ye, & Singh, 2013). 
Upon incubation of the emulsions in our experiments however, a clear impact on the protein 
digestibility could be observed, in particular for the highly unsaturated fish oil based emulsions 
for both proteins. In the emulsions containing the two vegetable oils a limited impact on protein 
digestibility was observed which can clearly be explained by their lower vulnerability for 
oxidation. In addition however it is also obvious that the oxidation products formed upon 
oxidation of fish oil are likely to be more reactive towards proteins in view of the presence of 
fatty acids containing multiple double bounds, giving rise to the formation of conjugate 
unsaturated reactive carbonyls compounds upon oxidation (Papastergiadis, Fatouh, Shrestha, 
Van Langenhove, & De Meulenaer, 2014) 
Comparing the whey and casein based emulsions, whey protein digestibility seemed to be 
affected more than casein protein digestibility, which could be due to the fast formation of 
protein-protein aggregates of whey proteins at 70°C, as mentioned above. 
In addition to the protein aggregation induced by the interaction with the lipid oxidation 
products, it could be hypothesized that the polymerized protein complexes were less accessible 
for proteases. For caseins, protein aggregation occurred mainly due to the interaction with lipid 
oxidation products while the impact of heat induced aggregation remained restricted. This could 
be the reason why in the SDS-PAGE experiments, the bands of original casein proteins remained 
longer present as compared to the bands of whey proteins (denaturation temperature around 
70°C) (Figure 2.1). Hence again it can be postulated that the polymer complexes with caseins 
were smaller as compared to the whey complexes and thus remained better accessible for 




proteolysis. The observations that the impact of extending the incubation time longer than 48 h 
did not result in a further decrease in the digestibility for the whey proteins while a progressive 
decrease was observed for caseins are in line with these hypotheses. Due to the heat induced 
whey aggregation, most likely nucleophilic amino acid residues are better protected from their 
interaction with the electrophilic carbonyl species formed upon lipid oxidation. So additionally 
formed oxidation products are less likely to react with the proteins. The fact that the lipid 
oxidation parameters considered are not showing a consistent increase upon further incubation 
either should not be in contradiction with this hypothesis as for instance Vandemoortele and De 
Meulenaer (2015), recently showed a very high reactivity of malondialdehyde in oil as such, 
even in absence of proteins, leading to losses up to 85 % after 24 h of incubation. As for the 
casein proteins, these are less prone to heat induced aggregation and thus the reactive groups 
remain accessible and prone to modification via their interaction with lipid oxidation products, 
resulting in a further impact on their digestibility. 
Photo-oxidation 
With respect to the interaction between proteins and photo-oxidizing lipids, we earlier reported 
on the various modifications (carbonyls compounds, formation of fluorescent compounds, the 
formation of N-formylkynurenine, degradation of sensitive amino acids such as lysine, histidine 
and methionine), which were shown to be dependent on the degree of unsaturation of the oil 
present in the emulsion (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011). In the current study 
we evaluated the potential impact on protein digestibility, without however evaluating the earlier 
studied parameters again. From the current experiments, it was shown that both the presence of 
light (in combination with the presence of the photosensitizer riboflavin) and lipids were 
necessary in order to generate a significant extent of lipid oxidation, as assessed by monitoring 




MDA and hexanal. Only in the case of the fish oil containing emulsions, minor amounts of MDA 
could be detected in absence of light, indicating some extent of auto-oxidation which in view of 
its high degree of oxidation susceptibility is not surprising. In the absence of lipids, photo-
oxidation of proteins resulted in a limited protein aggregation. A minor impact however on 
protein digestibility could be observed, especially in the case of caseins. of Kerkaert, Mestdagh, 
Cucu, Shrestha, Van Camp, and De Meulenaer (2012) earlier reported on the photo-oxidation 
induced molecular changes of dairy proteins and showed that caseins are more prone to photo-
induced molecular changes than whey proteins. Remarkably however Kerkaert, Mestdagh, Cucu, 
Shrestha, Van Camp, and De Meulenaer (2012) claimed not to see an impact on protein 
digestibility. Their observation however was based on the concentration of stable peptides 
(TDAPSF and TDVENL) in digests of a non-oxidized and photo-oxidized protein solution, 
respectively, while in this study we evaluated protein digestibility in a more generic way. This 
could indicate that upon photo-oxidation of proteins in absence of lipids, digestion of proteins up 
to level of very small peptides is hampered, which deserves further attention. 
In presence of lipids, photo-induced oxidation affected protein digestibility depending upon the 
kind of protein and the degree of unsaturation of the oil used. Not surprisingly, a lower impact 
was observed in emulsions containing soybean oil compared to the fish oil containing ones. 
Caseins were more affected compared to whey proteins in these photo-oxidation experiments. Of 
course, in the auto-oxidation experiments, already a big impact of the high temperature 
incubation in absence of lipids on the whey proteins digestibility was observed. This could have 
reduced the additional impact of interaction with oxidizing lipids. Nevertheless, as in absence of 
light, casein digestibility in fish oil emulsions was clearly more affected than whey proteins 
digestibility, it is obvious that caseins were more vulnerable for interaction with oxidizing lipids 




in these experimental conditions. This is in agreement with the earlier report of Kerkaert, 
Mestdagh, Cucu, Shrestha, Van Camp, & De Meulenaer (2012) 
 
who confirmed that the reaction 
rate of  photo induced tryptophan degradation was significantly higher in casein solutions than in 
whey solutions at 4°C. In addition, other recent research (Qiu, Zhao, Decker, & McClements, 
2015)
 
compared the oxidation rate of casein based and whey based emulsions containing fish oil 
at 25°C and attributed the high oxidation rate of casein proteins to the affinity of the phosphate 
groups on casein molecules to ferrous ions (Sugiarto, Ye, & Singh, 2009). Furthermore it has 
been suggested that the compact structure of whey proteins and their lack of phosphate groups 
limited their oxidation rate. Considering the impact of the incubation time on protein digestibility 
one should realize that after about 15 days of incubation all riboflavin in the emulsions was 
degraded, as reported earlier (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011; Kerkaert, 
Mestdagh, Cucu, Shrestha, Van Camp, & De Meulenaer, 2012). Nevertheless, a progressive 
impact on the proteins digestibility can be observed in the photo-oxidized samples, for both 
proteins after the riboflavin was consumed. This was observed earlier as well with respect to 
other protein modification parameters. So it seems that the lipid oxidation products carry on 
reacting with the proteins and are potentially further produced although the main driving force of 
their formation (the photosensitizer) is not present anymore. 
2.5 Conclusion 
We reported earlier on the impact of oxidizing or oxidized lipids of proteins on various chemical 
changes in dairy proteins (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011; Kerkaert, 
Mestdagh, Cucu, Shrestha, Van Camp, & De Meulenaer, 2012), leading amongst various 
molecular changes to their aggregation. In this study we showed that such modification also lead 
to a modified behavior of proteins during digestion. The modified proteins become more difficult 




to digest. This impact was particularly obvious in the presence of highly unsaturated oils like fish 
oil. In view of the growing application of such and other highly unsaturated oils as krill or algae 
oils in functional foods it is obvious that apart from monitoring lipid oxidation, it is also relevant 
to consider changes induced in proteins, including their digestibility. In this chapter, lipid and 
proteins co-oxidized in auto- and photo-oxidation reactions in an emulsion. In the next chapter, 
similar emulsions will be considered but the emulsions are formulated using oils with a varying 
degree of oxidation. In addition, incubation times were considerably shorter as in the present 
study, in order to evaluate in particular the interaction between the oxidizing lipids and proteins 
























Influence of Oxidized Oils on Digestibility of 













Chapter 3. Influence of Oxidized Oils on Digestibility of Caseins in O/W 
Emulsions 
Abstract 
The impact of lipid oxidation on protein modifications in emulsions and the consequences on 
protein digestibility remains unclear. In this study, this impact was evaluated in casein (6 
mg/mL) based emulsions containing oxidized soybean or fish oil (3 %) in presence (0.3 %) or 
absence of the emulsifier Tween 20. Emulsions were prepared using oils at three oxidation levels 
and subsequently the impact on protein digestibility was evaluated after 24 hours incubation at 
4°C. Remarkably, protein digestibility increased in emulsions containing medium and highly 
oxidized fish oil: 70 ± 0.4 % and 73 ± 0.4 % of the proteins were digested respectively, whereas 
protein digestibility in emulsions containing low oxidized fish oil amounted 63 ± 0.4%. Protein 
digestibility in emulsions containing soybean oil stabilized by Tween 20 was not influenced by 
the oxidation level of the oil used. We hypothesized that the composition of the interface in 
emulsions depends strongly upon the degree of oil oxidation and the presence of others 
emulsifiers.  If the oil is more oxidized, less proteins are present in the interface restricting the 












Lipid oxidation causes degradation of foods, generating off-odors and off-flavors. A great 
proportion of foods are in the form of emulsions where proteins, such as milk proteins, play an 
important role as an emulsifier but also as a source of essential nutrients. In protein stabilized 
emulsions, lipid oxidation occurs simultaneously with protein oxidation, a phenomenon called by 
some authors “co-oxidation” (Schaich, 2008; Berton, Ropers, Guibert, Sole, & Genot, 2012; 
Obando, Papastergiadis, Li & De Meulenaer, 2015). Due to the interaction between proteins and 
the lipid oxidation process and the lipid oxidation products, these biopolymers are substantially 
modified (Zhou & Decker, 1999; Refsgaard, Tsai, & Stadtman, 2000; Mestdagh, Kerkaert, Cucu, 
& De Meulenaer, 2011). 
The interfacial area is a critical area in emulsions with regard to the development of lipid 
oxidation because it is the contact area between the lipid and the aqueous phase, hence the 
emulsifier (type and concentration) can greatly influence the oxidation (Berton-Carabin, Ropers, 
& Genot, 2014). Dairy proteins are mostly used such as emulsifiers, but the impact of lipid-
protein co-oxidation on protein digestibility has been scarcely studied. Recently some authors 
tried to elucidate the impact of lipid oxidation products on protein digestibility, protein 
modifications and even, toxicological consequences in vivo (Goicochea, Brandon, Blokland, & 
Guillen, 2011; Kerkaert, Mestdagh, Cucu, Shrestra, Van Camps, & De Meulenaer, 2012; 
Obando, Papastergiadis, Li & De Meulenaer, 2015). In our previous research (Obando, 
Papastergiadis, Li & De Meulenaer, 2015) (Chapter 2) using protein stabilized emulsions, 
proteins and lipids were subjected to a simultaneous oxidation process, via respectively 
autoxidation and photo-oxidation mechanisms. For both mechanisms protein digestibility was 
considerably affected. Due to the particular experimental setup chosen it could not be evaluated 




if the effects were primarily due to the reaction of the generated lipid oxidation products with 
proteins or if also the potential concomitant protein oxidation was necessary. Therefore the aim 
of the current study was to evaluate the impact of the reactions occurring between lipid oxidation 
products and proteins in emulsions on the protein digestibility. In that way it was intended to 
prioritize the effects of lipid oxidation products over potential concomitant protein oxidation 
using short time incubation at low temperature (4°C, 24 hours). Therefore oxidized fish or 
soybean oil with different oxidation levels were used to prepare casein based emulsions in 
presence or absence of Tween 20 to modify the interface. Casein was used in this experiment 
based on the results of the previous research (chapter 2). Caseins were more susceptible to 
changes in digestibility upon their interaction with oxidizing lipids, as compared to whey 
proteins. 
3.2 Materials and methods 
3.2.1 Materials 
Sodium caseinate (90% protein) was provided by Arla Foods (Wageningen, Netherlands). Food 
grade soybean oil was purchased from a local store and fish oil was provided by Smit & Zoon 
(Weesp, Netherlands). Chemicals of analytical grade were obtained from Sigma-Aldrich 
(Bornem, Belgium), VWR (Leuven, Belgium), Merck (Darmstadt, Germany) and Acros 
Organics (Geel, Belgium). Polyethylene glycol sorbitan monolaurate (Tween 20) from Sigma-
Aldrich was used as surfactant. 
3.2.2 Oil stripping 
The stripping of the oil is a physical separation process to remove impurities and antioxidants 
such as tocopherols from the oil to avoid interferences in the study with that compounds. The 




stripping of the oil was carried out following the procedure outlied by Mariod, Matthaeus and 
Hussein (2011), with modifications. First, oils were purified by passing 50 g of oil dissolved in 
50 mL of hexane through a chromatographic glass column (20 mm internal diameter) filled with 
25 g of silica gel 60 (0.0063 – 0.100 mm, Merck) and hexane. The column was wrapped with 
aluminum foil to prevent light-induced oxidation during the process and the oil was also 
collected in an aluminum foil-wrapped flask. The column was rinsed three times with 50 mL of 
hexane and the mix of oil and solvent was collected and rota-evaporated  at 35°C using a 
vacuum. The solvent traces were removed by flushing with nitrogen. Subsequently the oil was 
mixed with 56 mL petroleum ether which was passed through a second glass column filled with 
100 g of activated aluminum oxide (activated basic, 199443 Sigma Aldrich) and petroleum ether. 
The column was also wrapped with aluminum foil and finally, rinsed with 100 mL of hexane and 
collected in an aluminum foil-wrapped flask. The solvent in the eluent was rota-evaporated at 
35°C using a vacuum and the solvent traces were removed by flushing with nitrogen. The 
samples were kept in brown glass bottles with a minimum headspace which was flushed under 
nitrogen and stored at -80°C until emulsion preparation. 
3.2.3 Oxidation of the oils used in the emulsions 
Fish and soybean stripped oil subsamples of 70 g were oxidized in an open petri dish using an 
oven at 60°C for 2 h and 4 h, respectively. These oils were considered to have a high oxidation 
level. Medium oxidized oils were obtained by mixing these oils with the original non-oxidized 
stripped oils in a 1:1 ratio. The oxidation status of the oils was determined by spectrophotometric 
determination of the peroxide value (POV) (Shanta & Decker, 1994) and p-anisidine value (p-
AV) (AOCS, 1980)
 
as a measure for the concentration of respectively the primary and secondary 
oxidation products. 




3.2.4 Emulsion preparation and storage conditions 
Emulsions were prepared using fish and soybean oil respectively (using three levels of oxidation 
status for each oil as described) and sodium caseinate as emulsifier, in presence or absence of 
Tween 20 (0.3 %). 
Oil-in-water emulsions were prepared in 0.1M potassium phosphate buffer pH 7.4 containing 30 
mg/mL (3 %) of soybean or fish stripped oil, respectively, with 6 mg/mL of protein (sodium 
caseinate with 90% protein). The protein isolate was dissolved and mixed with 0.1 M potassium 
phosphate buffer pH 7.4 for one hour at room temperature. In case of emulsions with only 
protein, the stripped oil was added to the protein solution (60°C) and mixed with a high speed 
blender (Janke and Kunkel, IKA-Werk, Staufeb, Germany) for 2 min at 11000 rpm to have a pre-
emulsion. For emulsions with the additional surfactant, a pre-emulsion with Tween 20, stripped 
oil and 0.1M potassium phosphate buffer was made using the sonicator for 15 min. Afterwards 
that, the protein previously dissolved with 0.1M potassium phosphate buffer was added. All pre-
emulsions were heated at 60°C and blended with a high speed blender (Janke and Kunkel, IKA-
Werk, Staufeb, Germany) for 2 min at 11000 rpm. Then, all pre-emulsions were homogenized at 
250 bar (first stage) and 50 bar (second stage) by high pressure homogenizer APV Lab 1000 
(APV Benelux NV/SA, Erpe Mere, Belgium) for five passes. Duran bottles of 250 mL were 
filled with 100 mL of emulsion, then, samples were cooled fast and incubated at 4°C for 24 
hours. All samples were prepared in triplicate. 
3.2.5 Malondialdehyde (MDA) determination 
Malondialdehyde was determined according to Papastergiadis, Mubiru, Van Langenhove, and 
De Meulenaer (2012) as described in section 2.2.5. 




3.2.6 Hexanal determination 
Hexanal was evaluated using the headspace solid-phase microextraction (HS-SPME) combined 
with gas chromatography-mass spectrometry (GC-MS) as described in section 2.2.6. 
3.2.7 Protein-bound carbonyls 
Protein carbonyls were determined after derivatisation with 2,4-dinitrophenylhydrazine (DNPH) 
(Hawkins & Davies, 1998). Therefore, 0.4 mL DNPH (10 mM in 2M HCl) was added to 0.3 mL 
of emulsion and subsequently incubated in the dark for 60 min at room temperature with 
constant stirring. Afterwards 0.7 mL trichloroacetic acid (TCA) was added (10 % m/v final 
concentration) and the samples were incubated on ice during 10 min and centrifuged (9000 g) for 
3 min at 20ºC. The protein pellets were washed three times with 1 mL ethanol:ethylacetate (1:1, 
v/v) to remove the excess DNPH. The final pellet was re-dissolved in 0.5 mL 6 M urea in 20 mM 
potassium phosphate buffer (pH 2.3) and the absorbance was measured at 370 nm using Bio-Rad 
Benchmark Plus microplate spectrophotometer (Nazareth, Belgium). The protein-bound carbonyl 





3.2.8 Tryptophan, N-formylkynurenine (NFK) and lipid-protein adducts 
The tryptophan, NFK content and lipid-protein adducts were measured fluorometrically 
(Spectramax Gemini XPS fluorimeter, Molecular Devices, Brussels, Belgium) on the emulsions. 
For this, 50 µL of emulsion was diluted in 250 µL 6 M urea in PBS buffer (pH 7.4) to 
completely unfold the protein structure. For tryptophan excitation and emission wavelengths 
were 280 and 330 nm. For NFK, 330 and 440 nm were used and for lipid-protein adducts 350 nm 
and 440 nm were applied (Dalsgaard, Otzen, Nielsen, & Larsen, 2007). 




3.2.9 Available lysine determination 
The loss of reactive lysine was monitored using derivatisation with ortho-phthaldialdehyde 
(OPA) in the presence of 2-mercaptoethanol which yielded a fluorescent product which was 
measured at 340 nm (excitation) and 450 nm (emission) (Ferrer, Alegría, Farre, Abellan, 
Romero, & Clemente, 2003). Samples (50 µL) containing 6 mg/mL protein were incubated with 
sodium dodecyl sulphate (SDS) 12 % in water (50 µL) overnight at 4°C. After sonication for 15 
min at 30°C, 750 µL of OPA reagent (40 mg phtaldialdehyde, 1 mL ethanol, 25 mL borate buffer 
0.1M pH 9.3; 2.5 mL SDS 20% in water and 0.1 mL mercaptoethanol adjusted the volume to 50 
mL with distilled water) was mixed with 25 µL of sample, vortexed and incubated for 2 minutes 
and the relative fluorescence intensity was measured. β-casein was used to prepare a calibration 
curve. 
3.2.10 Electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as 
described in section 2.2.7. 
3.2.11 In vitro model digestion 
A static in vitro model digestion was applied for emulsions as described in section 2.2.8. 
3.2.12 Digestibility 
Protein digestibility was evaluated as described in section 2.2.9. 
3.2.13 Statistical analysis 
Three-way ANOVA test for statistical comparison among the results was done, applying a sig-
nificance level of p < 0.05 (Tukey test). Main effects and interactions are shown in table 3.1. 
One-way ANOVA was used to compare the treatments over the oxidation level, using a 




significance level of p < 0.05. One-way ANOVA was also applied to compare emulsions with 
and without Tween 20 or emulsions with soybean oil vs fish oil. Normality was checked with a 
Kolmogorov-Smirnov test and a Levene test has applied to confirm the homogeneity of 
variances. The SPSS 22 statistics package was used.  
3.3 Results 
Table 3.1 shows the main effects and interactions among the considered factors (oil, emulsifier 
and oxidation level) in all parameters studied. From this table it can be concluded that the studied 
variables were significantly influenced by almost all factors considered, and by the interactions 
amongst them. Since this research however aimed to evaluate how protein digestibility has 
impacted in emulsions as influenced by the degree of oxidation of the emulsified oils, the 
reported data were evaluated  using a one-way ANOVA considering the degree of oxidation as 
factor. The significant interactions among the factors was considered with respect to the 
mechanistic interpretation of the data observed. 
Table 3.1 The p-value in three-way ANOVA. Main effects and interaction among factors. 
 Main effects among factors 
(p<0.05) 
Interactions among factors  
(p<0.05) 










MDA <0.001 <0.001 <0.001 <0.001 <0.001 0.067 <0.001 
Hexanal <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Carbonyls <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
NFK <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Tryptophan <0.001 <0.001 <0.001 <0.001 <0.001 0.008 <0.001 
NFK <0.001 <0.001 <0.001 <0.001 0.004 0.263 0.002 
Lysine 0.012 <0.001 <0.001 <0.001 0.191 0.244 0.038 
Digestibility 0.141 0.004 <0.001 <0.001 0.002 0.001 0.118 
 
 Soybean and fish oil were purified by stripping the minor compounds (i.e phenolic compounds, 
tocopherol and phytosterols) and were then subjected to an accelerated auto-oxidation at 60°C. 
Oxidation levels of oils were selected by the measurement of the peroxide and 




p-anisidine values and characterized by specific lipid oxidation products (malondialdehyde and 
hexanal) (Table 3.2). These oils (3 %) were used to prepare the casein based emulsions stabilized 
by Tween 20 or in absence of Tween 20.  
The malondialdehyde and hexanal levels of these emulsions measured after 24 h of incubation at 
4°C are shown in Table 3.3. For the emulsions containing low oxidized soybean oil, 
malondialdehyde was not detected. Malondialdehyde levels in emulsions increased upon the 
progressive oxidation status of the oil used. For the emulsions containing fish oil, 
malondialdehyde was detected in the emulsions containing low oxidized oil and also increased 
with the oil oxidation level. For all  emulsions containing low oxidized soybean or fish oil, 
hexanal was detected below the limit of quantification (77 ng/mL). For emulsions containing 
soybean oil, hexanal increased with the oil oxidation level. Table 3.3 shows the generic protein 
modifications markers, carbonyls and protein-lipid adducts. 
For emulsions containing soybean oil without Tween 20, carbonyls increased with the oil 
oxidation level. In the case of emulsions containing soybean or fish oil stabilized by Tween 20, 
carbonyls increased at medium oil oxidation level, but did not increase any further in emulsions 
formulated with the most oxidized oils. In absence of Tween 20 the protein carbonyl content was 
remarkably higher (4.0 ± 0.4 μg/g protein) in emulsions containing fish oil compared to 
emulsions containing soybean oil (2.1 ± 0.1 μg/g protein). In general, the samples containing 











Table 3.2. Characterization of stripped oils at three oxidation levels. 
Data are presented as mean of triplicates ± standard deviation. LOD= 0.03 μg MDA/mL. 
 
Protein-lipid adducts, as assessed by their fluorescence (Table 3.4), increased with the oil 
oxidation level in emulsions containing soybean oil. In emulsions containing soybean oil 
stabilized by Tween 20, protein-lipid adducts increased at medium oil oxidation level, but did not 
increase any further in the emulsions formulated with the most oxidized oils. In emulsions 
containing fish oil at medium and high oil oxidation level and which were stabilized by Tween 
20, protein-lipid adducts were significant lower (305 and 342, respectively) than in emulsions 
containing fish oil in absence of Tween 20 (379 and 389 respectively). Protein-lipid adducts 
were higher in emulsions containing fish oil than in emulsions containing soybean oil. 
Others amino acid modification markers such as tryptophan, N-formylkynurenine (NFK) and 
available lysine are shown in Table 3.5. In all emulsions studied, tryptophan decreased when the 
oil oxidation level increased. In all soybean oil based emulsions, NFK increased at medium oil 
oxidation level but decreased again at a high oil oxidation level. In emulsions containing fish oil, 
NFK increased and remained stable at a high oil oxidation level while in the emulsions 
containing fish oil stabilized by Tween 20 NFK further increased at a high oil oxidation level. 
 
Oil Oxidation levels 
POV 








Low 0.5 ± 0.0 1.1 ± 0.3 <LOD 164 ± 8 
Medium 7.8 ± 0.4 4.0 ± 0.1 631 ± 37 2860 ± 280 
High 15.5 ± 1.5 10.1 ± 0.3 1373 ± 57 8903 ± 588 
Fish 
Low 2.9 ± 0.1 1.7 ± 0.4 2360 ± 200 164 ± 10 
Medium 17.4 ± 0.3 5.2 ± 0.4 5576 ±  54 330 ± 20 
High 28.9 ± 1.0 7.4 ± 0.3 9254 ± 90 521 ± 30 




Table 3.3. Lipid oxidation parameters (Malondialdehyde and hexanal) in casein based 
emulsions containing stripped soybean oil or stripped fish oil at three levels of oxidation, 
stabilized or not by Tween 20 (After 24 hours incubation at 4°C). 
Experimental data are presented as means of three independent replicates ± standard deviation. Means with different 
superscript letters are significantly different (p<0.05) in rows and columns for respectively malondialdehyde and 
hexanal. LOD= 30 ng MDA/mL. * Samples < LOQ (77 ng hexanal/mL). 
 
Table 3.4 Generic protein modification markers (carbonyls, protein-lipid adducts) in casein 
based emulsions containing stripped soybean oil or stripped fish oil at three levels of 
oxidation, stabilized or not by Tween 20. After incubation 24 hours at 4°C. 
 
Experimental data are presented as means of three independent replicates ± standard deviation. Means with different 
superscript letters are significantly different (p<0.05) in rows and columns, separately for carbonyls and protein-
lipids adducts (a.u: arbitrary units). 
As for available lysine, a decrease was only observed at the high oil oxidation level in both types 
of soybean based emulsions. In both types of fish oil emulsions, lysine decreased at medium oil 











65 ± 2.5 
b 
106 ± 0.0 
c 
40 ± 2.0 
a 
* 148 ± 1.2 
b 
481 ± 3.8 
c 
Casein soybean 
oil and Tween 20 
<LOD 
a 
95 ± 0.0 
b 
232 ± 16 
c 
41 ± 0.8 
a 
* 137 ± 2.0 
b 
438 ± 5.5 
c 
Casein fish oil  178 ± 28 
a 
446 ± 28 
b 
576 ± 19 
c 
55 ± 2.1 
a 
* 55 ± 1.8 
a 
* 78 ± 0.9 
b 
Casein  fish 
oil and Tween 20 
144 ± 12 
a 
320 ± 7.4 
b 
558 ± 45 
c 
58 ± 0.2 
a 
* 49 ± 0.3 
b 




µmol carbonyls/g protein Protein-lipid adduct (fluorescence a.u.) 
Emulsions Low Medium High Low Medium High 












Casein soybean oil 











































Protein digestibility was calculated by determining to non-protein to total nitrogen ratio after 
digestion and was also monitored using SDS-PAGE. Protein digestibility in emulsions 
containing low and medium oxidized soybean oil was 69.4 % and 68.2 % respectively, and 
increased significantly to 72.4 % at a high oil oxidation level (Table 3.6). In emulsions 
containing soybean oil stabilized by Tween 20, protein digestibility was not influenced by the 
oxidation level of the oil used. In the case of emulsions containing fish oil, the lowest 
digestibility (63%) was determined in emulsions containing low oxidized fish oil and the 
digestibility increased in parallel with the oil oxidation level. For emulsions containing fish oil 
stabilized by Tween 20, protein digestibility increased at medium oil oxidation level, but did not 
increase any further in emulsions formulated with the most oxidized oils. 
Figures 3.1 and 3.2, show the electrophoretic patterns of emulsions containing soybean oil or fish 
oils stabilized or not by Tween 20. The figure 3.1A shows the presence of big aggregates (lane 6) 
in the emulsions containing high oxidized soybean oil before digestion, but the aggregates 
disappeared after digestion (lane 7). In the figure 3.1B, similar electrophoretic patterns are shown 
among oil oxidation levels in emulsions containing soybean oil stabilized by Tween 20. In figure 
3.2A and 3.2B aggregates can be observed for emulsions containing low oxidized fish oil (lane 
3) after gastrointestinal digestion and the intensity of peptides around 6 and 10 KDa was higher 
in emulsions stabilized by Tween 20. 




Table 3.5. Amino acid modification markers (Tryptophan, NFK and available lysine) in casein based emulsions containing 
stripped soybean oil or stripped fish oil at three levels of oxidation, stabilized or not by Tween 20 (After incubation 24 hours at 
4°C). 
Experimental data are presented as means of three independent replicates ± standard deviation. Means with different superscript letters are significantly different 
(p<0.05) in rows and columns. Tryptophan and NFK in PBS pH 7.4. 
 
Table 3.6. Protein digestibility (%) in casein based emulsions containing stripped soybean oil or stripped fish oil at three levels 
of oxidation, stabilized or not by Tween 20. Incubation 24 hours at 4°C. 
 
Protein digestibility (%) 
Oxidation level 
Emulsions Low Medium High 
























All the data are expressed as mean ±SD and are the mean of three independent replicates.  Means with  different superscript letters 
 are significantly different (p<0.05) in rows and columns. 
Oxidation level 
Tryptophan  (µg/mg protein) NFK (Fluorescence) Lysine (mg/ g protein) 
Emulsions Low Medium High Low Medium High Low Medium High 
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FIGURE 3.1 SDS-PAGE OF CASEIN BASED EMULSIONS CONTAINING SOYBEAN OIL WITH DIFFERENT 
LEVELS OF OIL OXIDATION AND STABILIZED OR NOT BY TWEEN 20, INCUBATED FOR 24 HOURS AT 
4°C. SAMPLES BEFORE AND AFTER IN VITRO GASTROINTESTINAL DIGESTION (COOMASSIE 
BRILLIANT BLUE STAINING). 
A. Casein based emulsions containing soybean oil. B. Casein based emulsions containing soybean oil 
stabilized by Tween 20. 
Lane 1: Standard Bio-Rad; lane 2: emulsions containing low oxidized soybean oil before digestion; lane 3: 
emulsions containing low oxidized soybean oil after digestion; lane 4: emulsions containing medium oxidized 
soybean oil before digestion; lane 5: emulsions containing medium oxidized soybean oil after digestion; lane 6: 
emulsions containing high oxidized soybean oil before digestion; lane 7: emulsions containing high oxidized 
soybean oil after digestion; lane 8: blank with potassium phosphate buffer, digestive enzymes and bile salts. 
 
3.4 Discussion 
Lipid oxidation generally occurs simultaneous with protein oxidation in complex matrices. In 
chapter 2, we reported the impact of co-oxidation of lipids and proteins on the reduced protein 
digestibility in oil-in-water emulsions subjected to auto-oxidation and photo-oxidation process 
respectively (Obando, Papastergiadis, Li, & De Meulenaer, 2015). From this study it could not 
be concluded if the co-oxidation process as such, or the interactions of the generated lipid 
oxidation products with proteins or both phenomena were responsible for the observed impact on 
protein digestibility. Therefore in this study, it was aimed at maximizing the latter interactions 
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between lipid oxidation products and proteins by emulsifying oils with a varying level of 
oxidation degree with protein solutions. 
As interfacial phenomena could also influence protein digestion in emulsions and the interactions 
between lipid oxidation products and proteins, emulsions were prepared in the presence and 
absence of Tween 20. 
Comparing the secondary oxidation products (malondialdehyde and hexanal) in oils and 
emulsions (Table 3.2 and 3.3), an increase in their levels (on oil bases) was observed upon 
making the emulsions. So although reactions between those selected lipid oxidation products and 
proteins are likely to have occurred, due to further lipid oxidation an overall increase in their 
concentration was observed. 
Consequently it cannot be ruled out that in parallel this may have induced protein oxidation 
although it was intended to be minimized using the selected experimental set up. To some extent 
this is of course not surprising in view of the multi-stage character of the lipid oxidation process. 
Alternatively, pure lipid oxidation compounds could have been added to the emulsions in order 
to evaluate their impact but this approach is also not reflecting the reality because oxidizing or 
oxidized lipids contain a cocktail of reactive products. Moreover, the impact of specific lipid 
oxidation products on proteins was already described (i.e.,Vandemoortele & De Meulenaer, 
2015). Despite the fact that protein co-oxidation could not be excluded in the  experimental set 
up, it is obvious that reactions between lipid oxidation products and proteins have occurred, as 
was intended. 





FIGURE 3.2 SDS-PAGE OF CASEIN BASED EMULSIONS CONTAINING FISH OIL WITH DIFFERENT 
LEVELS OF OIL OXIDATION STABILIZED OR NOT BY TWEEN 20 INCUBATED FOR 24 HOURS AT 4°C. 
SAMPLES BEFORE AND AFTER IN VITRO GASTROINTESTINAL DIGESTION (COOMASSIE BRILLIANT 
BLUE STAINING). 
A. Casein based emulsions containing fish oil. B. Casein based emulsions containing fish oil stabilized by 
Tween 20. Lane 1: Standard Bio-Rad; lane 2: emulsions containing low oxidized fish oil before digestion; lane 3: 
emulsions containing low oxidized fish oil after digestion; lane 4: emulsions containing medium oxidized fish oil 
before digestion; lane 5: emulsions containing medium oxidized fish oil after digestion; lane 6: emulsions containing 
high oxidized fish oil before digestion; lane 7: emulsions containing high oxidized fish oil after digestion; lane 8: 
blank with phosphate buffer, digestive enzymes and bile salts. 
 
Comparing the levels of malondialdehyde and hexanal in the emulsion (0.06 – 0.57 µg/mL, 0.08 
– 0.48 µg/mL, respectively) with those observed in chapter 2, in which casein emulsion were 
subjected to auto-and photo-oxidation respectively (0.05 – 2.1 µg malondialdehyde/mL and 0.1 – 
22 µg hexanal/mL) it is obvious that in the current study, the levels were clearly lower. Of course 
the oxidation conditions in both studies were different. An important difference which could be 
particularly relevant for malondialdehyde is that in the current study, the oil was oxidized prior 
to the emulsification. Indeed we recently showed (Vandemoortele & De Meulenaer, 2015) that 
the degradation of malondialdehyde in oil can be significant, especially at higher temperatures. 
In this respect it is relevant to report that upon oxidizing the fish oil at 60°C for a longer period 
than 6 hours, a drop in the malondialdehyde concentration was actually observed (not shown). 
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Thus it seems that the degradation of malondialdehyde generated throughout lipid oxidation in 
an emulsified system could be more restricted. As for hexanal, further oxidation or evaporation 
cannot be excluded as suggested earlier (Mestdagh, De Meulenaer, De Clippeleer, Devlieghere, 
& Huyghebaert, 2005).  
A remarkable tendency is observed for the malondialdehyde content of the emulsions depending 
on the presence of Tween 20. For soybean oil based emulsions, malondialdehyde concentrations 
were consistently higher in the presence of Tween 20 (p<0.05). On the other hand, for the fish oil 
based emulsions an opposite trend was observed (p<0.05), except at the highest oxidation level 
evaluated, for which no significant differences could be detected. In order to understand these 
and also other phenomena, a number of parallel phenomena should be considered.  
A first relevant mechanism is the competitive displacement of adsorbed casein from interfaces in 
emulsions by Tween 20 as demonstrated before (Courthaudon, Dickinson, Matsumura, & Clark, 
1991; Dickinson, 1999; Mackie, Gunning, Wilde, & Morris, 2000). Secondly, Tween 20 micelles 
in the aqueous phase could absorb lipid oxidation products (Nuchi, Hernandez, McClements, & 
Decker, 2002). A third phenomenon which should be considered is the binding of Tween 20 to 
hydrophobic amino acids in proteins, making the interaction between malondialdehyde and 
proteins more difficult (Coke, Wilde, Russell, & Clark, 1990; Bos & Van Vliet, 2001). In 
addition, the polarity of the oil is also likely to affect the Tween 20 adsorption in the interface 
(Decker, Alamed, & Castro, 2010; Kittipongpittaya, Chen, Panya, McClements, & Decker, 2012; 
Mosca, Cuomo, Lopez, & Ceglie, 2013). Thus the interface in emulsions containing more 
oxidized lipids stabilized by Tween 20 can be considered to be less compact and tightly packed 
compared to an interface solely composed by Tween 20 (Fig 3.3). This phenomenon is suggested 
to increase the oxygen permeability of the interfacial membrane because of a lower Tween 20 




absorption (Berton, Ropers, Guibert, Sole, & Genot, 2012). As it was shown that the lipid 
oxidation reaction proceeded significantly during the preparation of the emulsion and the 
subsequent short storage at cold temperatures, this aspect should also be considered. 
Considering all these phenomena it can be rationalized that in the case of soybean oil based 
emulsions containing Tween 20, less proteins were likely to be present in the interface, thus 
reducing the interaction between proteins and the lipid oxidation products. As malondialdehyde 
is known to react irreversibly with proteins, its concentration in Tween 20 containing emulsions 
is expected to be higher, as observed in the experiment. For the fish oil based emulsions however 
this hypothesis cannot be corroborated. However, it could be hypothesized that for fish oil based 
emulsions, the impact of newly generated malondialdehyde during the ongoing oxidation process 
on the malondialdehyde levels observed could have been more important. As moreover the 
presence of proteins in the interface of emulsions is reported to favor the oxidation reaction 
(Berton, Ropers, Guibert, Sole, & Genot, 2012), this could potentially explain the higher levels 
of malondialdehyde found in the casein based fish oil emulsions without Tween 20.  
With respect to the hexanal data, only the emulsions containing soybean oil can be considered to 
be relevant in view of the low levels in the fish oil based emulsions.  Soybean oil contains 
linoleic and linolenic acids that are precursors of hexanal, not is the case for fish oil that contains 
more polyunsaturated fatty acids with two or more methylene interrupted double bonds and more 
MDA is formed. As other authors showed that the covalent modifications of the proteins are 
quite restricted, the observed data could again be explained by the impact of proteins in the 
interface on the lipid oxidation process (Meynier, Rampon, Dalgalarrondo, & Genot, 2004). 
Slightly, but significantly higher hexanal levels were observed in emulsions in which no Tween 
20 was added (p<0.05). 




The impact of the presence of Tween 20 on the displacement of proteins in the interface and its 
potential role in protecting proteins from reacting with lipid oxidation products is confirmed 
from the data reported in Table 3.4: consistently, the level of protein modification markers are 
lower for Tween 20 containing emulsions for all oils at all oxidation levels evaluated, except for 
the fresh soybean oil based emulsion with casein (p<0.05), while for N-formylkynurenine this 
trend could not be statistically supported. This is also the case for the losses for lysine. In 
addition, a logic trend in the generic protein modification markers as function of the oxidation 
level was observed. This is not the case for the N-formylkynurenine formation which dropped in 
the soybean based emulsions at the highest oxidation level evaluated. It is also striking that at the 
highest oxidation level of fish oil, the lysine content in the protein was comparable to the levels 
found in the emulsions made with the fish oil with the lowest oxidation level, although it should 
be mentioned that the fluctuations in the lysine content were low. It could be hypothesized that 
as oil polarity increases, less protein is expected to be present in the interface. In the aqueous 
phase however, the casein proteins can reassemble into micelles (Vincekovic, ćurlin, Jurašin, 
2014; Broyard & Gaucheron, 2015). In micelles, κ-casein is covering their surfaces because it is 
the least hydrophobic casein compared to α and β- caseins (Walstra, Wouters, & Geurts, 2006). 
In the case of caseinate, sub-micelles are formed because colloidal calcium phosphate is removed 
and sub-micelles, composed of a mixture of individual caseins molecules are formed in aqueous 
phase. β-casein and κ-casein form spherical micelles in aqueous solution (Panouillé, Benyahia, 
Durand, & Nicolai, 2005).





FIGURE 3.3 ADSORPTION OF TWEEN 20 AND CASEIN AT THE INTERFACE IN EMULSIONS CONTAINING OILS WITH DIFFERENT OXIDATION 
LEVELS. A. LOW OXIDIZED OIL. B. MEDIUM OXIDIZED OIL. C. HIGH OXIDATION LEVEL. 
  




κ-casein contains less tryptophan and lysine in the primary structure than α and β- caseins 
(Swaisgood, 2003), and thus it may protect degradation of these amino acids dominantly present 
inside the micelles. For the tryptophan data, again in general a consistent drop in concentration 
was observed as function of the oxidation degree of the oils used.  
With respect to the impact on protein digestibility, this study showed quite surprising results 
considering the previously reported observations in chapter 2, in which we showed that the co-
oxidation of proteins and lipids resulted in a significant drop in protein digestibility (down to 
only 44% digestibility upon 30 day light induced oxidation at 4°C of a casein based emulsion). 
In fact, the main effects are exerted only by the oxidation level and the emulsifier (Table 3.1), 
not by the type of oil. For the soybean oil based emulsions in absence of Tween 20 and using the 
most oxidized oil an impact on protein digestibility could be observed, but in fact an unexpected 
improvement of the digestibility was noticed. This observation was more consistently present for 
all the fish oil based emulsions, especially in absence of Tween 20. So although we have showed 
in chapter 2 that co-oxidation of proteins and lipids affected significantly protein digestibility, it 
seems that when oxidized lipids are emulsified in the presence of proteins, this impact is not 
observed and on the contrary a better protein digestibility was obtained. This discrepancy 
suggests that apart from the impact of the interaction between lipid oxidation products and 
proteins, interfacial phenomena as well play a role during the digestion of proteins in the models 
studied. These interfacial phenomena do not only have an impact on the interactions of the lipid 
oxidation products with proteins as outlined above, but also on the accessibility of the proteins 
for proteases. Indeed, introducing a more polar oil in the emulsion, will result in a changed 
interfacial composition. By the addition of Tween 20, it is expected that less proteins will be 
adsorbed in the interface which is in line with the better digestibility of the proteins in the 




emulsions based on low or medium oxidized fish oil containing Tween 20 compared to the 
emulsions with the same oil but without Tween 20 (p<0.05). It can be observed that for the other 
emulsions, the protein digestibility is not significantly (p<0.05) influenced anymore by the 
presence of Tween 20. Due to the presence in the interface of oxidized lipid species, it can be 
supposed that the amount of proteins in the interface is reduced. If in addition Tween 20 is 
present, proteins are likely to be displaced even more completely. This implies that the molecular 
changes in the proteins are especially induced due to a transfer of lipid oxidation products to the 
aqueous phase, which was confirmed earlier (Vandemoortele & De Meulenaer, 2015) and is also 
in line with the earlier reported markers on protein changes and lipid oxidation products. 
However, the impact of these molecular changes in the proteins present in the aqueous phase on 
their digestibility seems to remain restricted. This implies that the molecular changes in the 
proteins present in the interface have a potential impact on protein digestibility. Another 
potential implication could be that because of the fact the proteins present in the interface are 
changed, their release from the interface is hindered, thus making the protein less available for 
digestion. Thus two opposite effects could affect the impact of lipid oxidation on protein 
digestibility in the studied emulsions. On the one hand a higher oxidation degree of the oil used 
would affect the protein in such a way that its digestibility is affected but on the other hand if a 
lot of polar lipids are present, the adsorption of proteins in the interface is restricted because of 
the decreased hydrophobic effect. These conflicting effects could be a potential explanation as 
well for the differences observed in the protein digestibility for the fish oil and soybean oil based 
emulsions at the lowest oxidation level studied. 
Finally, it is striking that the protein digestibility observed in this study in the emulsions with oils 
at the lowest oxidation level were clearly lower those observed in chapter 2 (75 ± 0.6 %). It  




should be stressed however that in our previous study, in chapter 2, commercial oils were used 
which were not stripped. By stripping the oil however, polar lipids are removed, facilitating the 
entry of proteins in the interface and thus limiting their final digestibility. 
3.5 Conclusions 
The study presented in chapter 2 and the present study demonstrated that oxidizing lipids have 
particularly an impact on proteins if proteins and oils emulsified together and are subsequently 
both subjected to an oxidation process. This scenario is obviously the most relevant for real 
foods. The potential mechanisms behind this are likely to be a combination of protein 
modifications and restricted protein availability because the modified proteins are attached in the 
interface. If proteins are emulsified in the presence of oxidized lipids, the picture can be 
different, because the interface is still to be made  and the composition of the interface will 
depend upon the degree of oil oxidation (and the presence of other amphiphilic compounds). If 
the oil is more oxidized, less proteins are present in the interface restricting the impact of lipid 
oxidation products on the proteins. 
In the next experimental chapter, a study was carried out to evaluate the impact of lipid and 
protein oxidation on protein digestibility in powders as the co-oxidation of protein and lipids and 








































Chapter 4. Impact of Lipid–Protein Co-oxidation in Powders on Casein 
Digestibility 
Abstract 
Low- and intermediate-moisture food products have increased importance in modern diets due to 
their long shelf life and suitability for enrichment with omega-3 fatty acids to produce functional 
foods. However, studies related to lipid oxidation and its impact on protein digestibility have not 
been carried out on powders. In this study, an oil-in-water emulsion was prepared containing 30 
mg/mL (3 %) fish oil, 6 mg/mL sodium caseinate, and 5 % rice starch. The emulsion was frozen, 
lyophilized and incubated at 30 °C for 9 days, at three different water activities (0.324, 0.432, 
and 0.560). During storage evidence of progressive lipid oxidation was noticed at all water 
activities in view of an increased malondialdehyde content, progressive browning of the 
powders, protein carbonyl content and the observed protein aggregation. Protein digestibility 
however as determined by the ratio of non-protein nitrogen/total nitrogen after simulated 
digestion was not influenced, although using sodium dodecyl sulphate polyacrylamide gel 














Low-moisture food products have increased importance in modern diets due to the growing trend 
of ‘healthy snacks’. Such snacks are interesting products in the functional food market because 
they have a long shelf life under appropriate storage conditions and they are suitable for 
enrichment with omega-3 polyunsaturated fatty acids (PUFAs) (Hughes, Muzzy, Laliberte, 
Gernier, Perkins, & Skonberg, 2012). Fish oil is a rich source of nutritionally important omega-3 
polyunsaturated fatty acid but is highly susceptible to oxidation. Lipid oxidation has become a 
major concern in foods, leading to quality problems such as off-flavours, nutrient losses, and the 
formation of toxic compounds (Zou & Akoh, 2015). 
In a previous study, we demonstrated that co-oxidation of proteins and lipids together in an oil-
in- water emulsion as a result of both photo- and autoxidation resulted in substantial chemical 
changes in the protein (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011), leading to reduced 
protein digestibility (Chapter 2). In chapter 3, we further explored the impact of oxidized lipids 
emulsified with proteins and observed that the effect of the lipid oxidation products on the 
proteins was modulated by complex interfacial phenomena, resulting in an unexpected 
improvement of the protein digestibility if oxidized oils were emulsified together with proteins. 
All emulsions prepared in the previous chapters were fluid oil-in-water emulsions. Protein-lipid 
co-oxidation phenomena in intermediate and low-moisture foods has been scarcely investigated 
however and the lipid oxidation mechanisms in low-moisture foods with a water activity 
typically below 0.6 are poorly understood (Barden, Vollmer, Johnson, & Decker, 2015). Schaich, 
Dong, and Ibadullah (2013) described the co-oxidation of proteins in tortilla chips and peanut 
butter by lipids and showed severe protein polymerization as a result of the co-oxidation process. 
Hence the present study was carried out to evaluate the impact of lipid and protein oxidation on 




protein digestibility in powders incubated at 30 °C for 9 days, at three different water activities 
(0.324, 0.432, and 0.560). 
4.2 Materials and methods 
4.2.1 Materials 
Sodium caseinate was provided by Arla Foods (Wageningen, The Netherlands). Fish oil was 
provided by Smit & Zoon (Weesp, The Netherlands), and the rice starch (S7260) was from 
Sigma-Aldrich (Bornem, Belgium). Analytical grade chemicals were obtained from Sigma-
Aldrich (Bornem, Belgium), VWR (Leuven, Belgium), Merck (Darmstadt, Germany), and Acros 
Organics (Geel, Belgium). 
4.2.2 Lipid characterization 
The lipids were characterized by their fatty acid profiles as described by Mestdagh, Kerkaert, 
Cucu, and De Meulenaer (2011) in section 2.2.4. 
The peroxide (Shanta & Decker, 1994) and p-anisidine (AOCS, 1998) values of the oil prior to 
emulsification were determined spectrophotometrically (in section 2.2.4). 
4.2.3 Emulsion and powder preparation 
Oil-in-water emulsions were prepared in 0.1M potassium phosphate buffer pH 7.4 containing 30 
mg/mL (3%) of fish oil, 6 mg/mL of sodium caseinate, and 5% rice starch. First, the protein 
isolate was dissolved and mixed with 0.1 M potassium phosphate buffer pH 7.4 for one hour at 
room temperature. Afterwards, fish oil was added and the mixture was heated to 40°C and 
blended using a high-speed blender (Janke and Kunkel, IKA-Werk, Staufeb, Germany) for 2 min 
at 11000 rpm to make a pre-emulsion. Then, the pre-emulsion was homogenized at 250 bar (first 
stage) and 50 bar (second stage) by a high-pressure homogenizer APV Lab 1000 (APV Benelux 




NV/SA, Erpe Mere, Belgium) for five passes. The starch from rice (5% final concentration) was 
added to the emulsion, which was then mixed until a homogenous dispersion was obtained. The 
emulsion was frozen and lyophilized using a VaCo 5 freeze dryer (Zirbus Technology BV, Tiel, 
The Netherlands). The powder was crushed with a mortar and 2.5 g was transferred to a 2-cm-
deep plastic petri dish. Samples were prepared and subdivided into three parts so that three 
independent experiments could be carried out. 
4.2.4 Moisture sorption characteristics 
The moisture sorption isotherm of the powder (protein–fish oil–starch) was generated using the 
dynamic dew point isotherm method (DDI) for dynamic isotherms with a Vapor Sorption 
Analyzer Aqua Lab (LA Biosystem BV, Waalwijk, The Netherlands) at 30 °C (Figure 4.1). The 
Guggenheim-Anderson-de Boer (GAB) monolayer water content (4.17 g/100 solids) and the 
Brunauer-Emmett-Teller (BET) monolayer value (3.82 g/100 solids) were calculated by fitting 
the experimentally obtained moisture sorption isotherms to the respective equations. Using the 
same equations and the fitted data, the water activities at which these monolayer water contents 
were reached amounted 0.32 and 0.30 aw. 
4.2.5 Storage conditions 
For the incubation tests, 2.5 g freshly freeze dried powders (initial water activity 0.1172 at 30 
°C) were incubated in closed plastic boxes in which appropriate saturated salt solutions were 
present in order to reach the desired water activities in the powders: 0.324 (magnesium chloride), 
0.432 (potassium carbonate), and 0.560 (sodium bromide) (Yogendrarajah, Samapundo, 
Devlieghere, Saeger, & De Meulenaer, 2015). Storage experiments were performance in the 
dark. 




4.2.6 Malondialdehyde (MDA) determination 
Malondialdehyde determination was performed by Papastergiadis, Mubiru, Van Langenhove, 
and De Meulenaer (2012) described in section 2.2.5. 
4.2.7 Protein-bound carbonyls 
Protein carbonyls were determined as described in section 3.2.7. For this experiments powders 
were dissolved in water (0.5g in 5 mL) and stored for 60 minutes at room temperature in the dark 
with constant stirring. Powders were easy re-dissolved in water. 
4.2.8 Tryptophan 
Powders were dissolved in water (0.5g in 5 mL). Fifty μL of sample was diluted in 250 µL 6M 
urea in PBS buffer (pH 7.4) as described in section 3.2.8. 
4.2.9 Available lysine determination 
Powders were dissolved in water (0.5g in 5 mL). Fifty μL of sample was treated as described in 
section 3.2.9. 
4.2.10 Electrophoresis 
For SDS-PAGE 0.5 g powder was dissolved in 5 mL distilled water and this solution was treated 
as further described in section 2.2.7. 
4.2.11 Colour measurement 
Colour changes in the powders were evaluated using a portable spectrophotometer (Minolta 
CM2500d, Japan) and expressed in the L*a*b* colour space. Each sample (2.5 g) contained in a 
2-cm-deep plastic petri dish was analysed to prevent colour interference from the underlying 
tabletop. The measurement was performed by placing the instrument viewing port on the cover. 
To exclude variable cover surface conditions, the specular reflectance was included in the colour 




measurement. The following measurement conditions were applied: UV, 100 %; standard 
illuminant, D65; colour temperature, 6504K; observer angle, 10°; and delay time, 0.1 s. Prior to 
every series of colour measurements, the instrument was subjected to a white calibration. Each 
measurement was repeated three times. 
4.2.12 In vitro model digestion 
For the digestion studies, 0.5 g powder was dissolved in 5 mL of water. The oral phase was 
included, preparing the saliva according to Hur, Decker and McClements, (2009). Briefly, 10mL 
of solution of 4.5 g KCl in 50 mL distilled water; 10 mL of solution of 4.5 g NaH2PO4 in 50 mL 
in distilled water; 10 mL of solution of 2.8 g Na2SO4 in 50 mL distilled water; 1.7 mL of solution 
of 8.8 g NaCl in 50 mL distilled water; 20mL of solution of 4.2 g NaHCO3 in 50 mL distilled 
water, 15 mg α-amylase (10065 Sigma-Aldrich) and 25 mg mucin (M2378 Sigma-Aldrich) were 
prepared and the pH was adjusted to 6.8. The emulsion (5mL) was mixed with saliva (6 mL) and 
10 μL 1M CaCl2 for 2 minutes at 37°C. This aliquot was further treated as described in section 
2.2.8. 
4.2.13 Digestibility 
Protein digestibility was evaluated as described in section 2.2.9.  
4.2.14 Statistical analysis 
Two-way ANOVA test for a comparison among the results was done, applying a significance 
level of p < 0.05 (Tukey test). Normality was checked with a Kolmogorov–Smirnov test, and a 
Levene test was applied to confirm the homogeneity of variances. One-way ANOVA test used to 
compare digestibility over the time, using a significance level of p < 0.05, because no interaction 
with aw was detected. The SPSS 22 statistics package was used.  





Table 4.1 shows the fatty acid composition and the lipid oxidation characteristics (peroxide 
value, p-anisidine, and malondialdehyde) of the fish oil. Malondialdehyde (MDA) was measured 
in the powder at day 0 and after incubation at 30°C for 3, 6, and 9 days at three different aw 
levels (0.324, 0.432, and 0.560). The incubation was stopped due to the observation of a clear 
rancid fish oil odour. No mould growth was observed at any of the aw´s tested. At an aw of 0.324, 
MDA increased after 3 and 6 days to 1.5 μg/g and 3.7 μg/g, respectively, decreasing to 0.5 μg/g 
at day 9 (Table 4.2). At a 0.432 aw, corresponding to the monolayer value, the MDA content did 
not change significantly after three days of incubation, increased to 2.2 μg/g after 6 days 
incubation, and decreased to 0.7 μg/g at day 9. The lowest amounts of MDA were found at 0.560 
aw. At day 3, the amount of MDA was 0.3 μg/g (below the initial value of 0.8 μg/g), increased to 
1.2 μg/g after 6 days, but eventually was not detectable at the end of the incubation. MDA is 
significantly different (p<0.05) among all aw. Table 4.3 shows the evolution of the amount of 
protein carbonyls detected in the powder during incubation at 30°C at the three different water 
activity levels. At water activities of 0.324 and 0.560, the amount of carbonyls increased after 3 
days, reaching the maximum level after 6 days (9.1 μmol/g and 6.5 μmol/g, respectively). In the 
case of the powder incubated at an aw of 0.432 (corresponding to the monolayer water content), a 
constant increase upon incubation was observed, reaching 8.5 μmol/g, the significantly highest 
(p<0.05) amount of carbonyls amongst all aw, after 9 days. Other generic protein modification 
markers such as available lysine and tryptophan are displayed in Tables 4.4 and 4.5. The 
available lysine decreased after 3 days incubation at all water activities studied and did not show 
remarkable or consistent changes upon further incubation. A quite similar trend was observed for 
the fluorometrically determined tryptophan content. 





FIGURE 4.1 ABSORPTION (◊ ) AND DESORPTION ( ■ ) ISOTHERM OF POWDER AT 30°C 
 
Colour change was measured using the parameters L* (D65) (lightness), a* (D65) (redness), and 
b* (D65) (yellowness). Table 4.6 shows that lightness decreased after day 0 at all aw. 
Yellowness, the most relevant parameter related to oxidation interaction between reactive 
carbonyls and proteins increased upon incubation. Yellowness had the significantly highest 
(p<0.05) value at 0.324 aw (7.9 ± 0.04) and the significantly lowest (p<0.05) value (6.3 ± 0.3) at 
0.432 aw after 9 days of incubation. 
Protein digestibility (Table 4.7) was 83.3 ± 2.5 % and unexpectedly did not change significantly 
(p<0.05) for all storage conditions as a function of storage time. Figure 4.2 shows the 
electrophoretic patterns of the proteins present in the powders incubated at 30 °C for 0, 3, 6, and 
9 days, before and after in vitro gastrointestinal digestion. Before digestion, a progressive 
formation of high molecular weight complexes as a function of time can be observed at all 
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able to enter the resolving gel and the smear created at the top of the resolving gel. The smear in 
the resolving gel is clearly more intense for samples incubated at the lowest aw. At a aw 
corresponding to the monolayer water content, the smear was the least intense. After digestion, 
the smear in the resolving gel disappeared for all samples, but especially at the longest storage 
time evaluated, it was obvious that a dark protein band remained visible in the stacking gel, 
especially at 0.432 aw. 























Fatty acid composition  
 



















C22:6 DHA 7.9 
Peroxide Value 
(meq O2/kg Oil) 
p-anisidine MDA 
(μg/g) 
15.1 ± 0.4 13.5 ± 0.6 1.1 ± 0.04 




Table 4.2 Evolution of malondialdehyde (MDA) in the incubated powder at three different 






 Experimental data are presented as means of three independent replicates ± standard deviation. Means with 
 different superscript letters are significantly different (p < 0.05) in rows and means with different subscript 
 letter are significantly different (p<0.05) in columns. LOD= 0.3μg MDA/g. 
 
Table 4.3 Evolution of carbonyls in incubated powder at three different water activity 




 Experimental data are presented as means of three independent replicates ± standard deviation.  
 Means with different superscript letters are significantly different (p < 0.05) in rows and means with  
 different subscript are significantly different (p<0.05) in columns. 
 
 Table 4.4 Evolution of available lysine in incubated powder at three different water 






 Experimental data are presented as means of three independent replicates ± standard deviation.   
 Means with different superscript letters are significantly different (p < 0.05) in rows and means with  
 different subscript are significantly different (p<0.05) in columns. 
MDA (μg/g) 
Time (days) 








a 3.7 ± 0.02
c 
a 0.5 ± 0.03
d 
a 
0.432 0.6 ± 0.03
a 
b 2.2 ± 0.26
b 
b 0.7 ± 0.03
a 
b 
0.560 0.3 ± 0.03
b 





Carbonyls (μmol / g protein) 
Time (days) 








a 9.1 ± 0.6
c 
a 7.0 ± 0.4
d 
a 
0.432 6.5 ± 0.2
b 
b 7.1 ± 0.1
c 
b 8.5 ± 0.2
d 
b 
0.560 5.1 ± 0.6
b 
a 6.5 ± 0.4
c 
b 4.5 ± 0.3
b 
c 
Lysine (mg/g protein) 
Time (days) 








a 29.3 ± 0.2
c 
a 27.5 ± 0.1
b 
a 
0.432 28.6 ± 0.5
b 
b 29.8 ± 0.2
c 
a 28.7 ± 0.1
b 
b 
0.560 27.9 ± 0.1
b 
ab 28.8 ± 0.4
c 
b 28.6 ± 0.6
c 
b 




Table 4.5 Evolution of tryptophan in incubated powder at three different water activity 
levels at 30°C as function of time. 
Tryptophan (μg/mg protein) 
Time (days) 








a 5.4 ± 0.03
b 
a 4.9 ± 0.06
c 
a 
0.432 5.5 ± 0.04
b 
a 6.0 ± 0.02
c 
b 5.5 ± 0.03
b 
b 
0.560 5.3 ± 0.03
b 
b 5.6 ± 0.02
c 
c 5.2 ± 0.00
b 
c 
 Experimental data are presented as means of three independent replicates ± standard deviation. 
 Means with different superscript letters are significantly different (p < 0.05) in rows and means with  
 different subscript are significantly different (p<0.05) in columns. 
 . 
 

















 Experimental data are presented as means of three independent replicates ± standard deviation.   
 Means with different superscript letters are significantly different (p < 0.05) in rows and means with  




 Time (days) 








a 63.7 ± 0.3
c 
a 60.7 ± 0.1
b 
a 
0.432 53.7 ± 0.1
b 
b 61.1 ± 0.0
c 
b 61.5 ± 0.7
c 
b 
0.560 58.6 ± 0.2
b 
c 61.6 ± 0.1
c 




 Time (days) 








a 0.2 ± 0.01
c 
a  0.3 ± 0.01
d
a 
0.432 0.09 ± 0.01
b 
b 0.3 ± 0.01
c 





c 0.5 ± 0.02
c 




 Time (days) 









a 5.4 ± 0.04
b 
a 7.9 ± 0.04
c 
a 
0.432 4.6 ± 0.03
a 
b 8.2 ± 0.01
b 
b 6.3 ± 0.30
c 
b 
0.560 5.4 ± 0.05
b 
a 7.6 ± 0.01
c 
c 7.1 ± 0.04
d 
c 




Table 4.7 Protein digestibility (%) in powder at three different water activity levels. 







 Experimental data are presented as means of three independent replicates ± standard deviation. 
 Means with different superscript letters are significantly different (p < 0.05) in rows. 
 The protein digestibility of sodium caseinate is 78 ± 0.7 %. 
4.4 Discussion 
The goal of this study was to investigate the consequences of lipid and protein co-oxidation in a 
dry powder at three different aw. The selected aw´s were determined based on the monolayer 
water content because above or below this moisture level, certain reactions proceed at faster rates 
(Labuza, 1980). Hence, we used different values of aw: and the monolayer water content. Rice 
starch was used as a kind of inert filler material. 
The present study clearly shows that lipid oxidation is occurring while samples are stored, which 
is in agreement with Schaich, Dong and Ibadullah (2013), claiming considerably more intense 
oxidation in dry foods. 
In this study, the powder incubated at the lower aw (0.324) seemed to be significantly more to 
lipid and protein co-oxidation (p<0.05) compared to powders incubated at the monolayer water 
content (0.432 aw) and at 0.560 aw. These results are in concordance with the theories of Labuza 
(1980) who mentioned that the lipid oxidation reaction rate increased at very low aw and below 
the monolayer water content. 
 
 
% Protein digestibility 
Time (days) 







 81.3 ± 0.5
 a
 78.9 ± 2.7
a 
0.432 83.3 ± 2.9
 a
 82.6 ± 1.7
 a
 80.8 ± 1.2
a 
0.560 81.5 ± 1.1
 a
 82.7 ± 2.6
 a
 81.2 ± 1.4
a 

















FIGURE 4.2 SDS-PAGE OF POWDER  INCUBATED  FOR 0, 3, 6 AND 9 DAYS AT 30°C. SAMPLES 
BEFORE AND AFTER IN VITRO GASTROINTESTINAL DIGESTION. (A) 0.324 AW, (B) 0.432 AW, (C) 0.560 
AW (COOMASSIE BRILLIANT BLUE STAINING). 
Lane 1: Standard Bio-Rad; lane 2: samples day 0 before digestion; lane 3: samples day 0 after digestion; lane 4: 
samples day 3 before digestion; lane 5: samples day 3 after digestion; lane 6: samples day 6 before digestion; lane 7: 
samples day 6 after digestion; lane 8: samples day 9 before digestion; lane 9: samples day 9 after digestion; lane 10: 
blank with phosphate buffer, digestive enzymes and bile salts. 
An increase was noticed in malondialdehyde upon storage, although at longer incubation times 
(9 days) MDA levels dropped at all aw’s studied. In the previous chapters, in which liquid 
emulsions were studied, also a drop in MDA was observed. The dynamics of MDA in emulsified 
food systems and protein solutions was described recently by Vandemoortele and De Meulenaer 
(2015), but the behaviour of this unstable lipid oxidation compound in dry food systems has not 
been studied in a similar systematic manner. The drop in MDA can be explained by a 
degradation in the oil phase of the sample, or due to its interaction with proteins, or a 
A B 
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combination of both. The dominating route in the present set of experiments remains 
unfortunately unclear, although that based on the results of Vandemoortele and De Meulenaer 
(2015), it seems plausible that most of MDA degraded in the lipid phase via aldol-condensation 
reactions. 
An interaction of MDA and other lipid oxidation products with proteins however seemed to have 
occurred considering the changes observed on protein or powder level: increased carbonyls 
(higher protein carbonyls levels than those observed in chapter 3 were obtained), protein 
aggregation (SDS-PAGE), and colour changes can be all considered as indicators of changes 
having occurred on protein level. Contrastingly, however, the changes with respect to lysine and 
tryptophan were rather limited. It is not clear if these somewhat contradicting results are an 
indicator if the modification in sensitive amino acids side chains during the experiment were 
overall restricted. This could be due to the lower water activity of the samples and thus the low 
molecular mobility of reactive carbonyl species such as MDA, which has been shown earlier to 
be transferred to the aqueous phase of the food in which it interacted with proteins 
(Vandemoortele & De Meulenaer, 2015). Indeed it should be realised as well that protein 
oxidation as such can involve chain breaking reactions, which also result in the formation of 
protein carbonyls, without the involvement of other reactive carbonyls produced by oxidizing 
lipids. Similarly, recombination of protein radicals can result in protein aggregation, which was 
also observed in this study. Considering however the way how the emulsions and the subsequent 
powder was made, it seems likely to presume that proteins were present in the interface and thus 
were at least partially in contact with the lipid fraction of the powder making their interaction 
with lipid oxidation products quite plausible. More specific molecular markers on protein level 
should reveal to which extent lipid oxidation products have interacted with the proteins in the 




powder. Unfortunately such experiments could not be carried out in the framework of the present 
study. 
With respect to the impact on protein digestibility, the quantitative data based on the 
determination of the low molecular nitrogen fraction generated upon digestion, did not allow to 
conclude that protein digestibility was affected. This however contrasts with the clear 
observation of remaining high molecular weight protein complexes after digestion using SDS-
PAGE. Of course an additional level of complexity compared to the experiments in the other two 
experimental chapters of this work was added. As it was revealed in Chapter 3 that the interfacial 
behaviour of protein seems to have a major impact on the digestibility of proteins in the presence 
of oxidized lipids, it cannot be ruled out that also in current series of experiments such interfacial 
interactions played an important role. In fact it is not clear if the proteins are predominantly 
present in the interface in the freeze dried powder and what is their interfacial behaviour upon 
reconstitution of the powder in water during the digestion studies. Similarly, the micro-structural 
properties of the powder studied were not characterised or considered. 
It should be noted as well that the observed discrepancy between the qualitative and quantitative 
protein digestion data, illustrate as well the limitations of the approach used to measure 
quantitatively the impact on protein digestibility. Also here, more specific and sensitive 
analytical approaches are recommended to understand better what actually was the impact on the 
digestibility of proteins. 
4.5 Conclusions 
In this chapter, lipid-protein co-oxidation was studied by evaluating the impact on protein 
modification markers and protein digestibility. On basis of qualitative gel electrophoretic data, it 
seems likely that protein digestibility was effected, although this could not be corroborated on 
A 




basis of the quantitative approach used to assess protein digestibility. On basis of protein 
modification markers as well, a discrepancy in the observations was noticed. Despite the fact that 
modification in the side chains of sensitive amino acids were limited or even not significant, a 
clear increase in protein carbonyls and protein aggregation was noticed. Protein-lipid co-





















Chapter 5. General discussion, conclusions and perspectives 
Oxidation is the main cause of chemical food degradation, causing decreases in the nutritional 
and sensory properties of food products. Nevertheless, the oxidation of lipids and proteins is 
usually studied separately, and only a few authors have investigated the lipid-protein co-
oxidation in food. Such co-oxidation processes are certainly complex, but relevant, chemical 
reactions, because a lot of foods contains both proteins and lipids. 
Oxidation generates protein modifications, such as aggregation, amino acid modification and 
polypeptide cleavage, that can alter protein digestibility, enhance allergenicity or form toxic 
compounds (Del Rio, Stewart, & Pellegrini, 2005). Nonetheless, the impact of lipid oxidation on 
protein modification in emulsions and the consequences on protein digestibility remains unclear. 
Similarly, also in dry foods, the interactions between oxidizing lipids and proteins have been 
scarcely studied. Therefore, the present study was carried out to gain more knowledge about 
lipid-protein co-oxidation in emulsions and a dry food system and its impact on dairy protein 
digestibility. 
In order to study the impact of lipid oxidation and lipid oxidation products on proteins in 
emulsions, two experimental approaches were followed. In the first one, the fact was considered 
that proteins can be modified by oxidation and/or by reactions with lipid oxidation products. In 
the second experimental approach, we intended to evaluate in particular the latter reactions 
between lipid oxidation products and proteins. Instead of selecting individual lipid oxidation 
products, an oxidized oil was emulsified in the presence of proteins for the second set of 
experiments. This was done as due to lipid oxidation, a complex cocktail of different products is 
produced which cannot be mimicked by simply mixing a number of well characterized 




compounds. Using this particular approach however, it was observed that although incubation 
times were relatively short, the lipid oxidation process as such still continued. Consequently this 
experimental setup still included a potential lipid-protein co-oxidation, although its impact was 
supposed to lower as in the first study.  
In this research, malondialdehyde and hexanal were determined for fish and soybean oil, but, 
malondialdehyde was more representative in the case of fish oil and hexanal in the case of 
soybean oil. For future research, the analysis of more lipid oxidation compounds is 
recommended to have a better picture on the progressive oxidation process in the emulsions. For 
this, both reactive and less reactive lipid oxidation products could be selected such as: pentanal 
or propanal and 2-butenal (Papastergiadis, Fatouh, Shrestha, Van Langenhove, & De Meulenaer, 
2014), 2-octenal, 4-OH-2-nonenal and 4-OH-2-hexenal (Papastergiadis, Mubiru, Van 
Langenhove, & De Meulenaer, 2014). Typically these substances can be measured with 
headspace GC-MS or GC-MS methods. In addition however, the characterisation of the adducts 
formed between lipid oxidation products and proteins would certainly enable to map the changes 
occurring on protein level. This is considered as essential in order to explain better from a 
molecular perspective the potential changes occurring on protein digestion. 
Retrospectively, a very important difference between the first and the second experimental 
approach proved to be the varying level of oxidation of the oils used to formulate the emulsion in 
the second set of experiments. In the first study on emulsions, fresh oils were used, so the 
interface was formed before starting the oxidation process, limiting the initial presence of lipid 
oxidation products in this interface. Therefore, the composition of the interface between the 
various samples studied at the start of the incubation was most likely quite similar. In the second 
study, the interface was composed in the presence of oxidized lipids. Due to the surface activity 




of oxidized triacylglycerols, which are more polar then the parent triacylglycerols, and other 
lipid oxidation products, the interface of the emulsions was likely to be enriched with these more 
polar species parallel to the oxidation level of the oil used to formulate the colloidal system. This 
lead to a decreased absorption of the proteins in the interface, which were thus more present in 
the aqueous phase, in which no oxidized triacylglycerols are expected to be present. This 
difference proved to determine in a large extent the observed phenomena, because of the 
restricted interaction between the proteins present in the aqueous phase and the oxidized lipids in 
the interface and because of the complex role of interfacial phenomena in emulsions on protein 
digestion. The interfacial phenomena were theoretically described by Berton-Carabin, Ropers, 
and Genot (2014). It is thus  considered essential that in future work, the interface of the various 
emulsions, both at the beginning of the experiment and throughout incubation is better 
characterized to improve the understanding of the observed phenomena and to confirm the 
hypothesis formulated in the current work. Also a more advanced characterisation of the 
emulsion including determination of droplet size, its distribution and the amount of unadsorbed 
emulsifiers, could help in revealing the mechanisms determining the observed phenomena 
(Berton, Genot, & Ropers, 2011). 
The first experimental protocol, in which proteins are actually present in the interface and thus 
are prone to interaction with lipid oxidation products and co-oxidation with the lipids, is 
considered more relevant for real conditions. Consequently the observed impact of these 
interactions on protein digestibility is regarded to be important with respect to food quality and 
safety. It is recognized however that the oxidation conditions selected were quite severe, so it 
cannot be excluded that the impact on protein digestibility is overestimated. In this regard, it is 
clear that this study should be considered as an exploratory one, which is in line with the fact that 




very limited studies were done in this regard. On the other hand it should be stressed as well that 
the methodology to evaluate protein digestibility showed to have its limitations as well, both in 
terms of sensitivity and of a thorough understanding of the implications on a detailed molecular 
level (i.e. generated peptides). If the impact of (co-)oxidation phenomena on protein digestion 
will be studied in the future using milder oxidation conditions, it is considered necessary to 
characterize the peptide pool generated after simulated digestion in a more profound way using 
proteomic analysis (i.e MALDI-TOF-MS or LCMS-MS). This will not only allow to evaluate the 
peptides generated in a qualitative and quantitative way, but it will also allow to characterize 
specific molecular changes which have occurred in the peptides due to the interaction with the 
oxidized or oxidizing lipids. In contrast to the approach followed in the present study, in which 
proteins isolates were used, it is advisable to carry out such more advanced studies using pure, 
single proteins, such as beta-lactoglobulin. In an even further stage, it could be interesting to 
evaluate the dynamics of this peptide pool during the uptake by Caco-2 cells. 
In the third experimental chapter, still another model was considered: a dry system. In this 
system lipid oxidation was observed to occur. However, changes upon amino acid level in the 
proteins were found to be limited. In addition no impact on protein digestibility was observed at 
least using the quantitative assay used throughout this work, while qualitative analytical data 
with respect to protein aggregation did suggest a reduced digestibility. Again, these observations 
illustrate that approaches to evaluate protein digestibility based on the amount of non-protein 
nitrogen generated upon digestion has its limitations. Apart from using other analytical 
approaches to evaluate the impact of the interactions of oxidizing lipids with proteins and the co-
oxidation of proteins in dry food systems, probably the kind of model used in this study should 
be re-evaluated. Starch was considered in the present study as an inert-filler material, but in fact, 




no information is yet available on the interaction between polysaccharides such as starch and 
lipid oxidation products. Given the nucleophilic character of starch and the electrophilic 
character of various lipid oxidation products, this supposition could have been premature. It is 
clear that the data presented in this chapter do not allow to draw firm conclusions with respect to 
the impact of lipid oxidation on protein digestibility in dry food systems. A more thorough 
evaluation of the model system or model systems to be used should be done first. Indeed, apart 
from the powdery systems representing for instance baby formula, which were considered in this 
particular study, also more aggregated systems, representing for instance a biscuit, could be 
envisaged or a paste like system, such as a chocospread, could be considered. Given the 
important impact of the interfacial phenomena observed in the first two experimental chapters of 
this work however, it will remain a challenge to mimic in such systems the interfacial 
phenomena occurring in real dry food systems. 
Another element which deserves further research is the fate of the undigested proteins or 
peptides in the gastrointestinal tract and potentially in the human body. As mentioned above, it 
would be certainly necessary to evaluate the impact of these protein modification on the uptake 
of modified peptides in the small intestine. It could be rationalised that the adducts formed with 
lipid oxidation products are more hydrophobic compared to the unmodified peptides. Could this 
enhance the passive diffusion through the intestinal cell wall? 
Parallel to the fate of the peptide/proteins adducts however, also the release of lipid oxidation 
products throughout digestion and their further conversions should be considered. Recently it 
was shown in our research group that a substantial part (up to 90%) of MDA present in protein-
MDA adducts were released during a simulated gastrointestinal digestion (Vandemoortele, 
Babat, Yakubul & De Meulenaer, 2017). Furthermore, the question arises what will be the fate of 




the undigested peptides or proteins in the colon. To which extent is the microbial community 
able to digest and ferment the modified peptides better? Given the long residence time, it seems 
realistic that indeed some degree of fermentation could occur, as was recently reviewed by 
AlJahdali and Carbonero, (2017) for advanced glycation end products produced as a result of the 
Maillard reaction between reducing sugars and proteins. Obvious the analytical challenge to 
characterize these dynamics in such a complex matrix is also challenging. It can be rationalised 
that the influx of nitrogen to the colon would increase, which potentially increase the production 
of ammonia in the colon. Excessive amounts of ammonia have been reported to stimulate growth 
of cancerous cells in preference to noncancerous cells in tissue culture (Kim, Coelho, & Blashier, 
2013). Therefore it could be interesting to evaluate the potential impact on shift in the intestinal 
microbiome. The final aspect which deserves further research is then the fate of potential peptide 
or amino acid adducts in the human body. Which toxic effects can be expected and to what 
extent. It is clear that such a research goes beyond the food chemistry focus given in this work. 
This work should also be seen in the perspective of what actually happens on the market with 
respect to product innovation and development. The trend to enrich foods with polyunsaturated 
fatty acids was already earlier mentioned in this work. This trend is combined with the reduction 
of the use of synthetic emulsifiers and the return to the natural. Due to particularities in the food 
legislation, it is interesting to note that caseins for instance are not considered as food additives, 
and thus should not be labelled in contrast to phospholipids or other (synthetic) emulsifiers. On 
basis of the work presented and also other work in our research group (Vandemoortele & De 
Meulenaer, 2015) it however is shown that when the protein is present in the water/lipid 
interface, it is more prone to the interaction with lipid oxidation products and thus to the 
modifications which were studied in this work. It can be projected therefore that the exposure to 




lipid modified proteins via the diet has increased and is likely further increase in the future. It is 
obvious that gaining knowledge about the potential health impact of this increased exposure is 
important. 
From this research it can be concluded that proteins interact with oxidizing lipids leading to 
(complex) changes in proteins, which are in fact still poorly understood. Due to these 
interactions, proteins can become less digestible. This however seemed to be quite dependent 
upon the experimental model chosen. The variable impact observed can be partially explained by 
the complex interfacial phenomena playing a role during protein digestion in emulsions. It could 
also be concluded that more detailed analytical approaches are advisable to be used in order to 
study and understand the observed phenomena. Given the potential health impact of the observed 
phenomena combined with the likelihood of increased dietary exposure to the compounds 






































The present research contributes to the elucidation of the impact of lipid-protein co-oxidation on 
dairy protein digestibility in emulsions and a dry food model system, a largely unexplored topic 
that requires greater study in the fields of chemistry, human nutrition and colloidal science. 
Chapter 1 provided an overview of the relevant information about emulsions, the interfacial 
region and the commonly used protein emulsifiers, such as casein and whey proteins. In the 
second part, in vitro digestion models were presented, while explaining the main components of 
the oral, gastric and duodenal phases. In the third part, the impact of the interfacial phenomena in 
emulsions on dairy protein digestion was discussed. Finally, the main protein modifications that 
occur during processing and storage of foods that can change the protein digestibility were 
described. 
In Chapter 2, the casein and whey protein-based emulsions with 1% oil and different levels of 
PUFAs were subjected to auto-oxidation (at 70ºC) and photo-oxidation (at 4ºC in the presence of 
riboflavin), respectively. The aim of this work was to investigate the impacts of lipid and protein 
co-oxidation on protein digestibility. Protein digestibility was then assessed using a simulated 
gastrointestinal digestion model. The formation of MDA and hexanal were measured throughout 
the experiment in order to confirm that lipid oxidation had actually occurred. To some extent, 
lipid oxidation occurred in all of the emulsions upon incubation; however, there was no 
consistent increase in the concentrations of MDA and hexanal at the longer incubation times. 
This suggests that upon oxidation these aldehydes can react, for instance, with proteins. 
Obviously, proteins may interact with others lipid oxidation products as well. Lipid oxidation is a 





products. A clear impact on the protein digestibility in the emulsions could be observed upon 
incubation, in particular, for the highly unsaturated fish oil-based emulsions for both proteins.  
Chapter 3 studied the influence of the oxidized oils on the digestibility of the caseins in the oil-
in-water emulsions. In this study, this impact was evaluated in casein-based emulsions 
containing oxidized soybean or fish oil (3%) in the presence or absence of the Tween 20 
emulsifier. The emulsions were prepared using oils at three oxidation levels, and subsequently, 
the impact on the protein digestibility was evaluated after 24 hours of incubation at 4°C. The aim 
of this research was to maximize the interactions between the lipid oxidation products and 
proteins by emulsifying the oils with varying degrees of oxidation in the protein solutions. The 
levels of MDA, hexanal, protein carbonyls, tryptophan, N-formylkynurenine, lipid-protein 
adducts and available lysine were determined. Remarkably, protein digestibility improved in the 
emulsions containing the medium and highly oxidized fish oil. However, protein digestibility in 
Tween 20 stabilized emulsions containing soybean oil was not influenced by the oxidation level 
of the oil used. The composition of the interface in an emulsion strongly depends upon the 
degree of oil oxidation and the presence of other emulsifiers. If the oil is more oxidized, less 
proteins are present in the interface, restricting the impact of the lipid oxidation products on the 
proteins, and hence, its digestibility. 
In Chapter 4, the impact of the lipid-protein co-oxidation on protein digestibility was studied in 
a dry food model system. Studies related to lipid oxidation and its impact on protein digestibility 
have not been previously carried out on this type of system (powder). In this study, an oil-in-
water emulsion was prepared containing fish oil, sodium caseinate and rice starch. The emulsion 
was frozen, lyophilized and incubated for 9 days at three different water activities (0.324, 0.432 





protein carbonyls, protein aggregation and colour changes during the storage of the samples at all 
of the considered water activities. Although qualitative electrophoretic data suggested the 
presence of residual high molecular weight protein complexes after digestion of the stored 
samples, these data could not be corroborated based on the quantitative assay to evaluate protein 
digestibility. 
Finally, in Chapter 5, a general discussion of the results presented in Chapters 2 and 4 and 























































Dit onderzoek heeft bijgedragen tot de opheldering van het effect van lipide-proteïne co-oxidatie 
op de verteerbaarheid van melkproteïnen in emulsies en een droog 
levensmiddelenmodelsysteem; een onderwerp dat nog maar weinig onderzocht werd en een 
samensmelting is van verschillende onderzoekdisciplines: chemie, menselijke voeding en  
colloïd chemie. Hoofdstuk 1 recapituleert relevante informatie over emulsies, het grensgebied 
en de veel gebruikte eiwit emulgatoren zoals caseïne en weiproteïnen. In het tweede deel van 
hoofdstuk 1 werden in vitro digestiemodellen gepresenteerd waarin de belangrijkste 
componenten van de orale, gastrische en duodenale fase beschreven werden. In deel drie werd 
het effect van het grensvlak op de vertering van zuivelproteïnen in emulsies besproken. Tenslotte 
werden de belangrijkste proteïne modificaties beschreven die optreden tijdens de verwerking en 
opslag van levensmiddelen en die een invloed hebben op de eiwitverteerbaarheid. 
In hoofdstuk 2 werden caseïne en wei proteïne-gebaseerde emulsies met 1% olie en 
verschillende hoeveelheden poly-onverzadigde vetzuren onderworpen aan, respectievelijk, auto-
oxidatie (bij 70ºC) en foto-oxidatie (bij 4ºC, in de aanwezigheid van riboflavine). Het doel van 
dit werk was de impact van lipide en proteïne co-oxidatie op eiwitverteerbaarheid te 
onderzoeken. De eiwitverteerbaarheid werd geëvalueerd met behulp van een gastrointestinaal 
verteringsmodel. De vorming van MDA en hexanal werden gemonitord doorheen het experiment 
om de lipide oxidatie aan te tonen. Tot op een zekere hoogte vond in alle emulsies lipide oxidatie 
plaats tijdens de incubatie, maar er was echter geen consistente toename van de concentraties van 
MDA en hexanal bij langere incubatietijden. Deze resultaten suggereren dat tijdens oxidatie deze 





reageren met andere gevormde lipide oxidatieproducten. Lipide oxidatie is een dynamisch proces 
waarbij co-oxidatiereacties met proteïnen de hoeveelheid van lipide oxidatieproducten kunnen 
verminderen. Een duidelijke invloed op de eiwitverteerbaarheid in de emulsies na incubatie werd 
waargenomen, vooral in de emulsies met de sterk onverzadigde visolie en dit voor beide 
proteïnen. 
Hoofdstuk 3 beschreef de invloed van de geoxideerde oliën op de verteerbaarheid van de 
caseïnen in de olie-in-water emulsies. De studie werd uitgevoerd op een caseïne-gebaseerde 
emulsie dat geoxideerde sojaolie of visolie bevatte in aan- of afwezigheid van de emulgator 
Tween 20. De emulsies werden bereid met oliën van drie verschillende oxidatieniveau′s en 
vervolgens werd de invloed op de eiwitverteerbaarheid geëvalueerd na 24 uur incubatie op 4°C. 
Het doel van dit onderzoek was om de interactie tussen lipide oxidatieniveau′s en proteïnen te 
maximaliseren door oliën met verschillende oxidatie levels te emulgeren met proteïne 
oplossingen. De gehalten MDA, hexanal, eiwitcarbonylgroepen, tryptofaan, N- 
formylkynurenine, lipide-proteïne adducten en beschikbare lysine werden bepaald. Opmerkelijk 
genoeg werd de verbeterde in eiwitverteerbaarheid vastgesteld in de emulsies gemaakt  op basis 
van de visolie met een middelmatige en hoge oxidatie niveau. De eiwitverteerbaarheid in de met 
Tween 20 gestabiliseerde emulsies op basis van sojaolie werd echter niet beïnvloed door de 
oxidatieniveau van de sojaolie. De samenstelling van het grensvlak in een emulsie hangt zeer 
sterk af van het niveau van oxidatie van de olie die wordt geëmulgeerd en van de aanwezigheid  
van andere emulgatoren. Als de olie sterk is geoxideerd, zijn er minder proteïnen aanwezig in het 
grensvlak wat de invloed van de lipide oxidatieproducten op de eiwitverteerbaarheid beperkt. 
In hoofdstuk 4 werd de impact van de lipide-proteïne co-oxidatie op de caseïne verteerbaarheid 





oxidatie en de invloed hiervan op de eiwitverteerbaarheid werden tot nu toe nooit uitgevoerd in 
zulke droge modelsystemen. In deze studie werd een olie-in-water emulsie bereid met visolie, 
natriumcaseïnaat en rijstzetmeel. De emulsie werd bevroren, gevriesdroogd en geïncubeerd voor 
9 dagen op drie verschillende wateractiviteiten (0.324, 0.432 en 0.560 aw) bij 30°C. Lipide-
proteïne co-oxidatie werd waargenomen met stijgingen in het MDA en eiwitcarbonylgehalte 
alsook door het observeren van de vorming van eiwitaggregaten. Daarnaast werden bij alle drie 
de wateractiviteiten ook kleurveranderingen opgemerkt gedurende de opslag van de stalen. 
Ondanks het feit dat op basis van kwalitatieve electroforetische data de aanwezigheid van 
residuele hoog moleculaire eiwitcomplexen in verteerde stalen gesuggereerd werd, kon op basis 
van de kwantitatieve test die gebruikt werd om de eiwitverteerbaarheid te evalueren geen effect 
op de eiwitverteerbaarheid bevestigd worden. 
Tenslotte wordt in hoofdstuk 5 een algemene bespreking van de resultaten uit hoofdstuk 2 en 4 
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